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ABSTRACT 
 
Membrane technology has emerged as an alternative to more conventional water treatment processes.  A 
major factor behind this emergence is that nanofiltration (NF) and reverse osmosis (RO) membranes are 
able to remove a broad spectrum of water contaminants including microorganisms, colloids, organic 
molecules, and inorganic ions in a single treatment step.  Most commercial NF and RO membranes have a 
thin-film active layer, of approximately 50 to 200 nm that acts as the barrier for contaminant rejection.  
The active layer of most commercially available NF/RO membranes is a polyamide (PA) thin film made 
by interfacial polymerization.  Although other polymers have been used as NF/RO membrane active 
layers such as sulfonated polyethersulfone (SPES) and various polyvinyl alcohol (PVA) derivatives, 
polyamide remains the most common material.   
Despite the fact that NF and RO membranes have been proven to be efficient techniques to produce clean 
water from a majority of water sources, RO energy requirements limit clean water productivity; and low 
pressure NF membranes cannot remove a number of contaminants which pose a risk to human health such 
as neutral arsenic (III), and certain pharmaceuticals and pesticides. 
The work here presented aims i) to incorporate polyamide dendrimers to the membrane fabrication 
process, with the goal of optimizing the performance of commercial NF membranes, ii) to design a new 
generation of polyamide active layers with a broader range of structural properties compared to those of 
commercial membranes, iii) and to investigate the effect that active layer physicochemical properties have 
on membrane performance, to tailor new types of membranes.  
A methodology was developed to covalently attach amine terminated dendrimers to carboxylic groups on 
the membrane surface with 2 coupling reagents.  This approach was used to modify commercial NF 
membranes to achieve enhancements in solute rejection performance while maintaining the water 
permeability of the membranes.  An approach was also developed to synthesize novel aramide dendrimer 
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active layers by interfacial polymerization of amine-terminated dendrimers with trimesoyl chloride.  A 
variety of membranes with performance within the range of commercial NF and RO membranes and even 
superior to state-of-the-art RO performance was obtained by changing parameters in the interfacial 
polymerization process. Characterization results revealed that the structure, thickness, and pore 
distribution of the dendrimeric membranes were different from the commercial membranes; those 
differences were correlated to changes observed in performance. 
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CHAPTER 1 
Introduction 
 
1.1. Background and Motivation 
One of the most severe problems worldwide is the inadequate access to safe water.  Moreover, there is a 
continual concern over the presence of anthropogenic inorganic and organic contaminants in the aquatic 
environment which cannot be easily removed by conventional water treatment technologies.  Therefore, 
there is a need for the implementation and development of innovative, effective and sustainable 
technologies for water purification and regeneration.1  In order to comply with drinking water regulations 
that are becoming more stringent over time2,3, membrane technologies, specifically reverse osmosis (RO) 
and nanofiltration (NF) membranes, have become very attractive because of their ability to provide in one 
single step a effective barrier over a broad range of contaminants, and progressively becoming more cost 
effective throughout the last decade.4 
Most commercially-available salt-rejecting NF and RO membranes have a thin film composite (TFC) 
structure consisting on a thin polyamine (PA) active layer of 50-200 nm5, which serves as the main barrier 
to water contaminants and background electrolytes, cast on top of an asymmetric polysulfone (PSf)6 
support with a thickness of approximately 50 µm.  The active layer is the barrier that regulates 
contaminant rejection and water flux which most commonly represented with a solution-diffusion 
transport mechanism.6,7  The fully aromatic polyamide active layer is until now most commonly used in 
commercial RO/NF membranes, because of its superior rejection of contaminant and ions.  
Thin film composite polyamide membranes are made through a process called interfacial polymerization 
(IP).  Interfacial polymerization consists on a poly-condensation that takes place at the interface of an 
aqueous solution containing a diamine reactant and an organic solution containing an acyl chloride 
2 
 
reactant.  For most commercial membranes with fully aromatic active leayers, the reactants used are m-
phenylenediamine (MPD) in aqueous solution, and trimesoyl chloride (TMC) in organic solution. 
Despite the significant development of TFC PA membranes in the last decades, the resulting films have 
relatively similar physicochemical properties, and as a result most commercial membranes face similar 
challenges such as propensities to undergo fouling8 and to provide inadequate rejection of certain 
common water contaminants, e.g., arsenic (III).9,10  Therefore, the need for new membranes have been 
increasingly addressed in research and development efforts during the last decade.  New ways to develop 
membranes, new IP reactants, and new membrane coatings have been explored with the goal of creating 
more efficient membranes, with increased contaminant rejection, higher water flux, greater resistance to 
fouling, and more robustness during chemical cleaning.  
In previous studies, a versatile approach to membrane modification was achieved by direct percolation of 
shape-persistent rigid macromolecules on a support.11,12  The performance of this novel Rigid Star 
Amphiphilic (RSA) membranes encourage the further exploration of membrane modification with other 
versatile macromolecules with adjustable chemistry and size with the aim of tailoring membranes to 
achieve specific water and solute selectivity. 
The use of dendrimers as building blocks for membrane active layer synthesis is starting to attract 
research attention13,14 because dendrimer synthesis allows a high degree of control over their physical and 
chemical properties.  The use of chemically-compatible PA dendrimers for commercial PA membranes 
modification and active layer fabrication is an unprecedented step in creating new NF/RO membranes.  
The size and physical structure of PA dendrimers can be designed to achieve a desired pore size 
distribution in the active-layer, while their chemistry can be modified to attain different active-layer 
interactions with water and solutes.  As a result, a variety of membranes could be designed targeting with 
a broad range of water permeability and target solute rejection.  The effective combination of dendrimers 
3 
 
as modifiers of commercial polymeric membranes, and as reactants to form novel dendrimeric active 
layers, could exploit the properties of the develop membranes. 
1.2. Objectives 
The overall objective of this dissertation was to open a new area of research and to explore the 
possibilities of incorporating dendrimers into the membrane synthesis process.  In particular this 
document focuses on the potential of aramide dendrimers to modify commercial NF membranes and to 
develop novel NF/RO membrane active layer materials with adjustable chemistry and structure.  There 
are two specific areas which are incorporated in this dissertation in order to overcome current RO/NF 
membrane challenges as described below. 
The initial focus was on material modification.  The first approach consisted of modifying the 
physicochemical properties of existing commercially-available PA NF membranes with aramide 
dendrimers with the goal of enhancing their performance by tuning their solute rejection, enhancing the 
rejection of organic molecules, such as pharmaceuticals and pesticides, while maintaining low rejection of 
electrolytes to minimize the buildup of feed osmotic pressure and scaling potential.  The lack of stability 
of the aramide dendrimers adsorbed on the modified membranes had negative repercussions on the final 
membrane performance, and the achievements obtained by modifying membranes with aramide 
dendrimers were lost through dendrimer desorption with increasing operation time and when cleaning the 
membrane.  Therefore, producing stable polyamide membranes modified with dendrimers was the next 
target.  This goal was attained by developing a methodology to covalently bonding amine-terminated 
dendrimers to free carboxylic groups on polyamide membranes by using coupling reagents.  
The second objective of this research was to reproducibly fabricate active layers made by interfacial 
polymerization of aramide dendrimers with TMC and to explore the impact that the reaction conditions 
have on the physicochemical properties of the resulting dendrimeric membranes.  The membranes were 
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characterized and their permeation evaluated to better understand the relations between membrane 
properties and performance capability.  
Finally, since the characterization of active layers with Rutherford backscattering spectrometry (RBS) is 
an essential tool for the research here described, the final objective was to further understand the 
interaction of heavy ion probes, used indirectly to measure functional groups on the membrane, and how 
those interactions affect the parameters obtained from the RBS analyses, such as membrane carboxylic 
groups dissociation constants, and pore size distribution. 
1.3. Thesis organization 
This dissertation has six chapters.  This Chapter 1 provides and introduction that leads to the definition of 
objectives.  Chapters 2-5 are organize as published or draft journal papers with their own introduction, 
materials and methods, results, and references.  Chapter 6 presents conclusions and recommendations for 
future work.  Finally, supporting information and raw data for Chapters 2-5 can be found in the 
Appendixes. 
Chapter 2 presents a systematic investigation on the effect that different generations and different 
amounts of aramide polyethylene glycol dendrimers have on the performance of a commercial NF 
membrane (TFC-S).  By varying the amount and generation of dendrimers deposited on the TFC-S 
membrane active layer, an array of membranes in between NF and RO behavior is produced.  The 
improvement of solute rejection for the dendrimeric modified membranes is correlated with polyamide 
pore size distribution changes caused by the dendrimers presence.  The ability of selected cations to 
diffuse through the active layer to interact with polyamide carboxylic groups is quantified by RBS.  The 
relationship between cations accessibility to carboxylic groups, pore size structure changes on the 
membrane cause by dendrimers, and membrane solute rejection and water permeation are analyzed. 
Chapter 3 describes the development of a methodology to attach covalently dendrimers to polyamide 
membranes.  The enhancement of membrane performance exhibited by the commercial TFC-S NF 
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membrane modified with dendrimers described in Chapter 2 is affected by the lack of stability of 
dendrimers on the polyamide active layer.  To improve the stability of dendrimer on the membrane, the 
inherent carboxylic groups on the polyamide surface where exploited to form amide bonds with amine-
terminated aramide dendrimers aided by the use of two coupling reagents.  The attachment protocol is 
feasible on aqueous conditions at pH ranging from 4.7 to 10 depending on the selected coupling reagent.  
Dendrimer attachment efficiency is measured by RBS by quantifying the increase of free amines and the 
decrease of carboxylic groups on the active layer before and after dendrimer modification.  The effect that 
the dendrimers have on the pore size distribution and on the surface charges is discussed and related to 
membrane performance. 
Chapter 4 explores the fabrication of novel dendrimeric active layers prepared by interfacial 
polymerization of amine-terminated aramide dendrimers with trimesoyl chloride (TMC).  The lack of 
solubility of the dendrimers in aqueous phase complicate the interfacial polymerizations procedure, which 
relays on partitioning on reactants into immiscible phases compatible with the membrane support 
chemistry.  To overcome the dendrimer solubility difficulty, several co-solvents were used to assist 
dendrimers dilution in water.  By changing one single factor in the interfacial polymerization conditions, 
such as the dendrimer concentration, the type of dendrimer, or the co-solvent, a set of membranes was 
developed ranging in performance comparable to commercial NF/RO membranes to performance that 
exceeded commercial RO ion rejection.  The different membrane performances obtained fabricating 
dendrimeric membranes were correlated to the structural morphology of the dendrimeric active layers. 
Research findings in Chapter 4 revealed the important roles that membrane charges and functional groups 
play on membrane performance.  Consequently, the interactions between several cations with different 
charges and sizes with the polyamide membrane are further studied in Chapter 5 to provide more details 
about a method previously developed that describes the interactions of cations with active layer based on 
ionic complexation and a carboxylic groups acid/base model for an active layer with a bimodal pore size 
distribution.  By incorporation new cations to this model we are able to find the occurrence of different 
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membrane-cation interactions previously not described that affect the way we quantify negative charges 
and carboxylic group dissociation constants.  Carboxylic groups were indirectly quantified with cation 
titration curves measured with RBS and X-ray photoelectron spectrometry. 
1.4. Significance of the work 
This research involves the fabrication and characterization novel TFC RO and NF membranes for water 
desalination and water purification applications.  Through material design, characterization, and process 
improvement, a better understanding of the relationship between the structural properties of the 
membrane and its performance are achieved. 
The importance of this research not only lies into gaining understanding about the fundamental properties 
of polyamide active layers, but also in introducing a new set of materials suitable for membrane processes 
and for developing the methodology needed to fabricate those novel membranes, which can perform 
better than current commercially available NF and RO polyamide membranes. 
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CHAPTER 2 
Enhancing the performance of nanofiltration membranes by 
modifying the active layer with aramide dendrimers1 
 
Abstract - The fully aromatic polyamide active layer of a commercial NF membrane was modified with 
three generations (G1, G2, and G3) of aramide dendrimers, all with oligoethylene glycol chains on their 
peripheries.  Permeation experiments revealed that the rejection of Rhodamine WT, used as a surrogate 
for organic contaminants, improved one to two orders of magnitude for membranes modified with G2 and 
G3 dendrimers at loadings of 0.7 to 3.5 µg/cm2 (dendrimer layer thicknesses of ~1-6 nm) compared to the 
performance of unmodified membranes.  In contrast, the corresponding water permeability of dendrimer-
modified membranes decreased only by ≈30%.  Although an enhancement in the rejection of H3AsO3, 
NaCl, and BaCl2 was also observed for dendritic membranes, the effect was less pronounced than that for 
Rhodamine WT.  Characterization of membranes modified with 3.5 µg/cm2 of dendrimer G2 and G3 by 
Rutherford backscattering spectrometry with the aid of heavy ion probes (Ag+ and Ba2+) revealed that 
accessibility of the larger  Ba2+ probe to carboxylate groups on the active layer decreased for the 
membranes modified with dendrimers. 
Key Words: Accessibility ratio, aramide dendrimer, fully aromatic polyamide, nanofiltration membrane, 
neutralization number, Rutherford backscattering spectrometry, RBS, solute rejection enhancement. 
  
                                                          
1
 Reproduced with permission from Ana M. Saenz de Jubera, Yuan Gao, Jeffrey S. Moore, David G. 
Cahill, and Benito J. Mariñas. Enhancing the Performance of Nanofiltration Membranes by Modifying the Active 
Layer with Aramide Dendrimers. Environ. Sci. & Technol. 2012, 46, 9592-9599. Copyright 2012 American 
Chemical Society. 
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2.1. Background 
Nanofiltration (NF) is emerging as an alternative technology to conventional purification processes for 
fresh water treatment.  A major factor behind this change is that NF membranes are able to remove a 
broad spectrum of water contaminants1,2,3 in a single treatment step while also achieving higher 
permeability compared to reverse osmosis (RO) membranes used for desalination.  
Most commercial NF membranes have a thin-film composite configuration with an active layer 50-250 
nm thick4 serving as barrier for contaminant rejection.  The active layer of many commercially available 
NF membranes is made of cross-linked fully-aromatic polyamide (PA).  Although other polymers have 
been used such as other types of PA, sulfonated polyethersulfone (SPES), and various polyvinyl alcohol 
(PVA) derivatives5,6, fully aromatic PA remains a common material.  The active layer of PA NF/RO 
membranes is formed by interfacial polymerization processes resulting in relatively high surface 
roughness4 and incomplete cross-linking.7,8  These characteristics are considered undesirable because the 
former results in membrane fouling 9, and the latter decreases solute rejection.10 
Although NF has proven to be an efficient technique to produce safe water from a variety of water 
sources, many common contaminants are not efficiently rejected by NF membranes.  Most NF 
membranes are ineffective in removing small molecules such as arsenous acid in its neutral form 
(H3AsO3) and certain pharmaceuticals and pesticides.
11,12 New types of NF membranes are needed with 
physicochemical characteristics that achieve higher rejection of small molecules, while maintaining high 
product water permeability and low operating pressure. 
Indirect ways of measuring the PA pore sizes, such as molecular dynamic simulations and positron 
annihilation lifetime spectroscopic analyses, have reported that PA active layers are inhomogeneous and 
complex layers of cross-linked polyamide aggregates13 with bimodal size distributions of network and 
aggregate pores.14  Network pores with diameter of 0.4-0.8 nm form within PA aggregate particles during 
cross-linking of the trimesoyl chloride (TMC) with the m-phenylenediamine (MPD).  Aggregate pores 
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with diameters of 1.0-1.6 nm form between PA particles.13,15  The size of both network and aggregate 
pores in the polyamide active layer have been shown to play a role in the performance of RO and NF 
membranes affecting both product water permeability and solute rejection .15,16 
The use of dendrimers as building blocks for membrane active layer synthesis is starting to attract 
research attention17,18 because dendrimer synthesis allows a high degree of control over their physical and 
chemical properties.  The use of chemically-compatible PA dendrimers for commercial PA membranes 
modification is an unprecedented step in creating new NF membranes.  The size and physical structure of 
PA dendrimers can be designed to achieve a desired pore size distribution in the active-layer, while their 
chemistry can be modified to attain different active-layer interactions with water and solutes. As a result, 
a variety of membranes could be designed targeting diverse water permeability and solutes rejection. 
Our research approach consists on modifying the physicochemical properties of existing commercially-
available PA NF membranes with PA dendrimers with the goal of enhancing their performance by tuning 
their solute rejection. For example, a type of NF membrane capable of providing high rejection of organic 
molecules, such as pharmaceuticals and pesticides, while maintaining low rejection of electrolytes could 
be of interest to utilities treating fresh water. Such a membrane would have higher water recovery at low 
operating pressure due to minimal increase in the feed osmotic pressure and scaling potential.  
2.2. Materials and Methods 
Dendritic aramide molecules.  The macromolecular structures of bidendron PA dendrimers synthesized 
for this study19 are shown in Figure A.1.  Covalent synthesis of discrete dendritic molecules resulted in 
generations G1, G2 and G3, with respective molecular weights of 1016, 2192 and 4544 g/mol.19 The 
dendrimers PA core was synthesized following a divergent approach reported by Ueda et al.20 A 
polyethylene glycol side chain was subsequently attached to every dendron branch through amide bond 
formation in order to provide amphiphilic properties and facilitate their solubility in methanol.  The 
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structure and purity of the dendrimers were characterized by 1H NMR, 13C NMR and MALDI-TOF mass-
spectrometry. 
Experimental set up. A dead-end membrane filtration apparatus (model 8050, Millipore Co., Bedford, 
MA) was used for the percolation of the dendrimers on the NF membrane, and for permeation 
experiments with aqueous feed solutions of target contaminants.  Permeate flow rates were monitored 
gravimetrically with an analytical balance (BP211S, Sartorius Co., Edgewood, NY) connected to a 
computer.  Experiments were performed at room temperature (20-22 °C) under magnetic stirring.21,22 
Modified F membranes.  Modified membranes were produced by percolating methanol solutions of 
dendrimers G1, G2 or G3 through the NF TFC-S membrane (Koch Membrane Systems Inc., Wilmington, 
MA).  Coupons of the TFC-S NF membrane with a surface area of 14 cm2 were installed in the dead-end 
filtration apparatus cell.  Solutions of 1 or 5 mg/L of each dendrimer (G1, G2 and G3) in methanol 
(Optima, Fisher Scientific, Hampton, NH) were percolated through the membrane at a pressure of 0.21 
MPa.  The mass of dendrimer deposited on the support was varied between 0.01 and 0.1 mg, 
corresponding to loadings of 0.7-7 µg/cm2.  The presence of the dendrimers in permeate methanol 
samples was assessed by UV/vis spectrophotometry (UV-2401 PC, Shimadzu, Japan). 
Target contaminants and salts.  Solutes were selected with a range in size.  Rhodamine-WT (R-WT) 
(35%-w/v aqueous solution, Turner Designs, Sunnyvale, CA) with molecular weight of 487 g/mol was 
used as a surrogate for organic contaminants.  As(III) in the form of arsenous acid (H3AsO3) was selected 
as a representative small, neutral contaminant; the arsenous acid solution was created by dissolving 
NaAsO2 (99% pure, Sigma-Aldrich) in nanopure water.  NaCl (99.5% pure, Sigma-Aldrich) and 
(BaCl2
.2H2O) (99% pure, Sigma Aldrich) were chosen as inorganic electrolytes with monovalent and 
divalent cations. 
R-WT was measured by fluorescence (excitation/emission wavelengths of 550/580 nm) using a 
spectrofluorometer (RF-5301 PC, Shimadzu Scientific Instruments, Inc.).  H3AsO3 was analyzed by a 
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colorimetric method23 using a UV/vis spectrophotometer (UV-2401PC, Shimadzu, Japan).  NaCl and 
BaCl2 were analyzed as chloride by ion chromatography (Dionex IC S-2000 with a Dionex ion Pac As 18 
column, 36 mM KOH eluent, 1 mL/min eluent flow rate, and 25-µL injection loop). 
Permeation experiments.  Permeation experiments were performed with single-solute aqueous solutions 
containing 2.5 mg/L of R-WT, 4 mg As/L of H3AsO3, 400 mg/L of NaCl, and 400 mg/L of BaCl2.  HCl 
and NaOH were used to adjust the pH to 6.75±0.25 for the R-WT, NaCl and BaCl2 solutions, and to 6.0 
for the As (III) solution.  The lower pH used for As (III) was selected to ensure that the neutral species 
H3AsO3 was predominant (>99.8%).  The performance of each membrane was measured at varying 
hydraulic pressures within the range of 0.07-0.41 MPa. 
Experimental sets with R-WT and NaCl were performed by dendrimer progressive layering on membrane 
samples.  A set was started by measuring the water permeability and solute (R-WT or NaCl) rejection of 
the membrane blank (TFC-S blank membrane).  The membrane was then treated by filtering 50 mL of 
pure methanol (TFC-S+Methanol membrane) prior to measuring again the water permeability and solute 
(R-WT or NaCl) rejection.  Subsequent steps consisted of incremental additions of dendrimer G2 or G3 in 
methanol solutions at cumulative dendrimer mass loadings of 0.7, 2.1 and 3.5 µg/cm2 for experiments 
with R-WT.  Only dendrimer G2 was used with NaCl, at incremental additions corresponding to 
cumulative dendrimer mass loadings of 0.7, 2.1, 3.5 and 7 µg/cm2..  The water permeability and solute 
(R-WT or NaCl) rejection were measured in between incremental loading steps.  A second set of 
experiments with NaCl and sets with H3AsO3 and BaCl2 were performed with TFC-S membrane blanks 
and membrane samples modified with dendrimer G2 or G3 at the single mass loading of 7 µg/cm2.  
Membrane active layer characterization.  The concentration of carboxylate groups associated with 
incomplete PA cross-linking in the active layer of unmodified and dendrimer(G2 and G3)-modified TFC-
S membranes was quantified as a function of pH by performing Rutherford Backscattering Spectrometry 
(RBS) analyses.7,8,16 Deprotonated carboxylic groups were measured in the pH range of 5.1 to 10.2 using 
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Ag+ and Ba2+ as ion probes.  Control TFC-S membrane samples and samples modified with 3.5 µg/cm2 of 
G2 or G3 dendrimer were installed in the dead-end filtration apparatus.  The cell chamber was filled with 
AgNO3 solution at a concentration that was varied depending on the pH to avoid AgOH precipitation.
7  
The concentration of Ag+ neutralizing carboxylate groups located on the active layer was quantified by 
RBS.  Consistent with the Ag+ hydrated ionic radii being smaller than the network pores16,24,25, we 
assumed that the concentration of Ag+ measured by RBS was equivalent to the concentration of negative 
groups in the active layer.  Ag+ saturation experiments were followed by ion exchange (IX) experiments 
between Ag+ and Ba2+, both dissolved as nitrate salts to avoid AgCl precipitation.  Ba2+ is a divalent 
cation; hence, if two carboxylic groups are located relatively close to each other, one Ba2+ replaces two 
Ag+.  In contrast, if the carboxylic groups are farther apart, a Ba2+ ion neutralizes a single carboxylate 
group, the second Ba2+ charge being neutralized by a nitrate ion.  Furthermore, because the hydrated ionic 
radii of Ba2+  is larger than both the Ag+ hydrated ionic and the PA network pore radii16,24,25 not all 
carboxylic groups neutralized with Ag+ are present in pores accessible to Ba2+, and so they remain 
neutralized by Ag+ when the ion exchange is finalized.7,8,16  The concentration of Ag+ on the active layer 
before and after the Ba2+ ion exchange step and the corresponding concentration of Ba2+ were measured 
by RBS.  The RBS results were then used to calculate the neutralization number (NN) as a function of pH 
within the experimental range of 5.1-10.2 with the expression16: 
2+
2+
++ +
displaced by Babefore IX after IX
2+ -
 after IX neutralized by Ba
[Ag ][Ag ] [Ag ]
NN
[Ba ] [R-COO ]
∆−
= =  (1) 
NN values were obtained for unmodified membranes as well as for those modified with 3.5 µg/cm2 of G2 
or G3 dendrimer. The dendrimers are neutral macromolecules at all pH values investigated and so a 
comparison of results obtained with unmodified and modified membrane samples reveal if dendrimers 
could affect NN values and the accessibility of Ag+ and Ba2+ to carboxylic groups located in.  
14 
 
Ion probe solutions.  Ag+ and Ba2+ solutions were prepared in nanopure water.  Solutions of silver nitrate 
(AgNO3, 99%, Sigma-Aldrich) were prepared at different concentrations (in a range of 2
.10-4 to 10-6 M) 
depending on the pH.  Barium nitrate solutions (Ba(NO3)2, 99%, Sigma-Aldrich) were prepared at 
concentrations of 10-3 and 10-6 M.  HNO3 and NaOH were used to adjust the pH.  Experiments involving 
Ag+ were performed in a dark room under a red light to avoid silver reduction. 
RBS analyses.  The active layers of unmodified and dendrimer-modified membranes were characterized 
by RBS following procedures previously described.4,7 
Solutes transport model.  Results obtained from permeation experiments with R-WT, NaCl, BaCl2, and 
H3AsO3 solutions were analyzed with a modified version of the diffusion-solution model
26 that accounts 
for the existence of imperfections in the active layer through which advective transport occurs.27 The 
water and solute fluxes through the membrane at steady state can be described by 27: 
( ) / (1 )v DJ A p pi α= ∆ − ∆ −  (2) 
  ( )s v p w p v wJ J C B C C J Cα= ⋅ = − + ⋅ ⋅  (3) 
where Jv [m
3/m2/d] and Js [mol/m
2/d] are the product water and solute fluxes, AD [m
3/m2/d/MPa] and B 
[m/d] are the product water and solute permeation coefficients, α [-] is the fraction of the total product 
water flux corresponding to advection through membrane imperfections, ∆p=(pf-pp) [MPa] and ∆π=(πw-
πp) [MPa] are the differences in hydraulic and osmotic pressure across the membrane active layer, 
respectively, C [M] is solute concentration, and subscripts f, w, and p refer to bulk feed solution, feed 
solution next to the membrane wall, and permeate, respectively. 
The concentration of the solute in the feed water side adjacent to the membrane surface can be 
represented with the concentration-polarization expression 28: 
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exp
w p v
f p
C C J
C C k
−  
=  −  
 (4) 
where k [m/d] is the solute mass transfer coefficient in the concentration-polarization film. 
Solute permeability could be expressed in terms of apparent solute passage defined as SP=Cp/Cf, or solute 
rejection defined as SR=(1-Cp/Cf).  Equations 3 and 4 combined give the following expression for solute 
passage: 
1
SP 1 SR 1
1
1 · exp
1 1
v
v
JB
J k
α
α α
= − = −
   
+ +   − −   
 (5) 
 
2.3. Results and discussion 
F membrane modification.  Preliminary experiments with G1, G2 and G3 dendrimers revealed that 
only G2 and G3 were retained when methanol solutions were percolated through TFC-S membrane 
samples. Membranes treated with G1 performed similarly to unmodified TFC-S membranes.19 Although 
the dendrimer diameters (Figure A.1) could not be determined accurately, upper limits estimated in an 
aqueous solution with Jmol29 were 3.4, 4.3 and 5.4 nm, including both the PA core and PEG chains.  G1 
permeation through the TFC-S membrane active layer (pore diameter <1.6 nm13,15)  supported that the 
molecular structures of the dendrimers were not rigid and that their diameter in bulk solution may be 
different than calculated theoretically.  The molecular structures of G2 and G3 were large enough to be 
retained by the PA active layer.  The schematic of the PA active layer shown in Figure 2.1 illustrates G3 
dendrimers covering the surface of PA aggregate particles. The G3 dendrimer is drawn to show how it 
might constrict the inlet of aggregate pores located in between aggregate particles.  A similar 
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phenomenon would occur with G2 dendrimers.  Because the G1 dendrimer was not retained, we only 
present permeation data obtained with membranes modified with G2 and G3 dendrimers. 
 
 
 
            
 
              
 
Figure 2.1. (a) Schematic representation of the molecular structure of an unmodified fully-aromatic PA 
membrane active layer highlighting the bimodal size distribution of network and aggregate pores, 
previously suggested by Kim et al.25, and Coronell et al.16(b) Schematic representation of the molecular 
structure a G3 dendrimer-modified fully-aromatic PA membrane active layer highlighting the proposed 
constriction of aggregate pores.  
 
Permeation experiments.  Permeation experiments performed with unmodified and dendrimer (G2 or 
G3)-modified TFC-S membrane samples are presented in Figure 2.2. The solute passage (Cp/Cf) of R-WT 
(Figure 2.2a), H3AsO3 (Figure 2.2b), and NaCl and BaCl2 (Figure 2.2c) is plotted against the 
corresponding water flux Jv.  The effect of hydraulic pressure on water permeability is presented in Figure 
A.2 of the Appendix A.  Permeation parameters for each experimental set (or duplicate sets in the case of 
some of the blanks) were obtained by fitting the data with Equation 2 for water and Equation 5 for each of 
Network 
pore 4-8 Å 
Aggregate pore 
10-16 Å 
Dendrimer 
G3 
Smaller aggregate pore due 
to dendrimer constriction 
(a) (b) 
Active layer 
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the four solutes.  The resulting parameters are summarized in Table 2.1.  Because R-WT is the solute 
having the largest molecular size, and thus the lowest aqueous molecular diffusivity, it has the highest 
level of concentration-polarization.  Thus, the mass transfer coefficient in the concentration-polarization 
layer could be most accurately determined in the case of R-WT.  The resulting mass transfer coefficient 
from fitting the R-WT data was kR-WT =1 m/d. The values for the mass transfer coefficients for the other 
three solutes were calculated from that of R-WT using the expression: 
2/3
i i
R WT R WT
k D
k D
− −
 
=  
 
 (6) 
Subscript i represents H3AsO3, NaCl, or BaCl2. Molecular diffusion coefficients were DH3AsO3= 1.0
.10-5 
cm2/s 30, DNaCl= 1.5
.10-5 cm2/s, DBaCl2= 1.2
.10-5 cm2/s 31, and DR-WT= 0.3
.10-5 cm2/s.32  The mass transfer 
coefficients calculated with Equation 6 were kH3AsO3 = 2.2m/d, kNaCl = 2.8 m/d, and kBaCl2 = 2.4 m/d.   
Unmodified TFC-S and modified membrane samples with increasing loadings of G2 or G3 dendrimer 
were tested to assess the impact of dendrimer mass on water and R-WT permeability.  The results for the 
unmodified TFC-S membrane samples revealed a decrease of 18 % in water permeability after filtering 
methanol (Figure A.2a, Table 2.1).  In contrast, the rejection of R-WT by unmodified TFC-S membrane 
samples was the same with and without methanol percolation (Figure 2.2a, Table 2.1).  This difference 
suggests that methanol more significantly affected the smaller network pores than the larger aggregate 
pores of the unmodified active layer.  While water with a molecular diameter of 0.28 nm33 permeates 
through both network and aggregate pores of the TFC-S membrane active layer, the larger R-WT 
molecule with a diameter of 0.88 nm (calculated with CHEMDRAW 3D and Jmol) only transports 
through aggregate pores. 
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Table 2.1. Water, Rhodamine WT (R-WT), arsenous acid (H3AsO3), sodium chloride (NaCl) and barium 
chloride (BaCl2) permeation coefficients.  
Membrane AD [m/MPa d] Solute B [m/d] α [-] 
TFC-S Blank 1.51±0.02 R- WT 0.0033±0.0002 0.005b 
TFC-S + MeOH 1.25±0.01 R- WT 0.0035±0.0003 0.005b 
TFC-S+0.7 µg G3/cm2  0.96±0.02 R-WT <4.8×10-5,a 0.0016±0.0001 
TFC-S+2.1 µg G3/cm2 0.90±0.02 R-WT <4.5×10-5,a 0.0015±0.0001 
TFC-S+3.5 µg G3/cm2 1.00±0.02 R-WT <2.4×10-5,a 0.0008±0.0001 
TFC-S Blank 1.50±0.02 R- WT 0.003±0.0002 0.005b 
TFC-S+0.7 µg G2/cm2  1.11±0.01 R-WT <1.4×10-4,a 0.0045±0.0003 
TFC-S+2.1 µg G2/cm2  1.05±0.01 R-WT <9.7×10-5,a 0.0032±0.0002 
TFC-S+3.5 µg G2/cm2 0.99±0.01 R-WT <8.1×10-5,a 0.0027±0.0003 
TFC-S Blank 1.47±0.03 H3AsO3 1.25±0.05 0.005
b 
TFC-S+7 µg G3/cm2  1.07±0.04 H3AsO3 0.66±0.06 0.005
b 
TFC-S Blank 1.60±0.03 H3AsO3 1.25±0.05 0.005
b 
TFC-S+7 µg G2/cm2  1.20±0.03 H3AsO3 0.73±0.04 0.005
b 
TFC-S Blank 1.78±0.03 BaCl2 0.13±0.01 0.005
b 
TFC-S+7 µg G3/cm2  1.09±0.04 BaCl2 0.045±0.002 0.005
b 
TFC-S Blank 1.78±0.03 BaCl2 0.13±0.01 0.005
b 
TFC-S+7 µg G2/cm2  0.92±0.04 BaCl2 0.052±0.001 0.005
b 
TFC-S Blank 1.55±0.02 NaCl 0.16±0.01 0.005b 
TFC-S+7 µg G3/cm2  1.03±0.02 NaCl 0.066±0.004 0.005b 
TFC-S Blank 1.55±0.02 NaCl 0.16±0.01 0.005b 
TFC-S+7 µg G2/cm2 0.93±0.01 NaCl 0.043±0.003 0.005b 
TFC-S Blank 1.53±0.06 NaCl 0.051±0.002 0.005b 
TFC-S + MeOH 1.17±0.05 NaCl 0.042±0.002 0.005b 
TFC-S+0.7 µg G2/cm2  0.97±0.07 NaCl 0.035±0.002 0.005b 
TFC-S+2.1 µg G2/cm2  0.77±0.02 NaCl 0.029±0.001 0.005b 
TFC-S+3.5 µg G2/cm2 0.73±0.02 NaCl 0.027±0.001 0.005b 
TFC-S+7 µg G2/cm2  0.67±0.01 NaCl 0.021±0.001 0.005b 
     
 
Obtained for unmodified and dendrimer(G2 or G3)-modified TFC-S membranes operated at 21±2 °C, pH = 
6.25±0.25, and feed concentration = 2.5 mg/L (R-WT), 4.0 mg/L (H3AsO3), or 400 mg/L (NaCl or BaCl2). 
a
Two different B values were used to obtain the two set of curves shown in Figure 2.2 for each data set; B=0 for the 
linear plots, and an upper-limit B value listed in this table for the non-linear curves.  The upper-limit B values were 
those that predicted cp/cf ratios 15 % higher than cp/cf ratios at B=0 for the lowest experimental product water flux Jv 
of approximately 0.2 m/d. 
b
 The values α=0.005 was obtained from extrapolation at zero mass loading of G2 assuming first order decay in α 
with increasing G2 mass loading because it could not be resolved accurately due to the advection term contribution 
to overall permeation being much lower than the diffusion term contribution. 
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Figure 2.2. Experimental (symbols) and modeled (line) solute passage for RW-T (a), H3AsO3 (b) and 
NaCl and BaCl2 (c) comparisons for commercial NF membrane (TFC-S) and TFC-S exposed to methanol 
(diamond symbols) and modified TFC-S membrane with different types (G2 and G3) and different 
loadings of dendrimers. Notice the use of a logarithmic scale for the vertical axis.  Parameters for the 
modeled data can be found in Table 2.1.  
(c) NaCl and BaCl
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The permeability of water and R-WT decreased with increasing mass loading of both G2 and G3 
dendrimers.  The decrease in water permeability upon dendrimer modification corresponded to an 
additional 11-28% compared to that of the blank membrane exposed to methanol.  Most of the decrease 
was attained with the lowest dendrimer loading of 0.7 µg/cm2.  Increasing the dendrimer mass loading by 
a factor of five in successive layers did not result in significant additional decrease in water permeability, 
suggesting that the effect might be associated with a change of resistance caused by the formation of an 
initial mixed dendrimer/polyamide layer where dendrimers would fill the “ridge-valley” structure of the 
polyamide, causing pore obstructions (Figure A.3). Further stacking of dendrimers on top of other 
dendrimers seems to have a lower resistance effect on the water permeability. 
The formation of a mixed layer of dendrimers/polyamide and a second layer atop formed only by 
dendrimers was confirmed by using iodinated dendrimers G2-I2 and G3-I2 (Figure A.4).  Dedrimers G2-I2 
and G3-I2 had identical structures to those of G2 and G3 with two iodine atoms covalently bonded to the 
core19 so the location of the dendrimers could be determined by RBS.  For the cases of TFC-S membrane 
samples modified with dendrimer G3-I2 with mass loading of 3.5 and 7 µg /cm
2 dendrimer coating were 
found to have a thickness of 5.8 nm and 11.4 nm on top of the PA active layer, respectively. Also, 
dendrimers were detected within the PA active layer, supporting that the first layer of dendrimers 
deposited lays within the PA, increasing the resistance of the PA layer, and causing the major water 
permeability drop. 
RBS analysis of the sample dosed with 3.5 µg G3-I2/cm
2 revealed the presence of only 3.0 µg G3-I2/cm
2 
on the membrane (2.3 µg/cm2 within the active layer, and 0.7 µg/cm2 as a pure dendrimer layer).  RBS 
analyses of the sample loaded with 7 µg G3-I2/cm
2 resulted in a recovery of only 3.6 µg G3-I2/cm
2 (2.3 
µg/cm2 within the active layer, and 1.3 µg/cm2 as a layer of pure dendrimer).  The discrepancy in 
dendrimer mass may have resulted from breakthrough of dendrimer G3-I2 through membrane 
imperfections. UV spectra from permeate samples of G3 filtration through the TFC-S membrane show 
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that low levels of G3 are found in the permeate.19  The thickness of the PA active layer for the unmodified 
TFC-S membrane samples was determined by RBS to be 70 nm (roughness of 31 nm), consistent with 
previously reported values8 and so the dendrimer coating was at most 16% of the PA active layer 
thickness. Atomic force microscopy data for the blank and dendrimer-modified membranes and the effect 
that the dendrimers have in the membrane roughness have been previously reported.19 
In contrast to the relatively small effect of dendrimers on water permeability, the impact of both G2 and 
G3 on R-WT permeability was pronounced (Figure 2.2a). The decrease in R-WT permeability was such 
that the diffusive permeation, generally predominant prior to dendrimer addition, could not be detected 
for any of the dendrimer-modified membranes. Figure A.5 shows the fitting for R-WT permeability 
experiments assuming that the permeability coefficient in Equation 5 is B = 0. Since no experiments were 
performed at water flux values below Jv = 0.2 m/d, a more conservative upper-limit permeability 
coefficients B, listed in Table 2.1, for R-WT were estimated by assuming an error of 15% in solute 
passage (Cp/Cf) values at the lowest water flux Jv = 0.2 m/d.  The sets of green and cyanide curves in 
Figure 2.2a were plotted using these upper-limit B values and the corresponding α values listed in Table 
2.1. Based on this analysis, we conclude that the diffusive permeation of R-WT decreases by between one 
and two orders of magnitude compared to the unmodified membranes.  Such effect would be consistent 
with G2 and G3 molecules constricting the effective size of aggregate pores.  Qualitative support of such 
a change is provided by photographs taken of the membranes after testing.  As depicted in Figure A.6 of 
Appendix A, the intensities of R-WT in the two membrane samples modified with dendrimers G2 and G3 
were comparable to each other and lower than the TFC-S blank.   
The data in Figure 2.2a and corresponding α values in Table 2.1 also revealed that G2 and G3 dendrimers 
were effective in decreasing the advective permeation of R-WT through membrane imperfections, with 
more pronounced effect at higher dendrimer loading.  Consistent with the larger molecular size of the G3 
dendrimer, the effect of G3 dendrimer on α was more pronounced than that of the G2 dendrimer. 
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Permeation data obtained for experimental sets performed with feed solutions of H3AsO3, NaCl and BaCl2 
revealed that dendrimer(G2 or G3)-modified membranes with a loading of 7 µg/cm2 had lower 
permeabilities for both water (Figures A.2b,c) and solutes (Figures 2.2b,c) compared to that of the 
corresponding blank membrane sample.  The drop in water permeability (23-46% and 31-36% for G2 and 
G3 modified membranes) was similar to the drop observed at the highest loading of 3.5 µg/cm2 used with 
R-WT (35% and 34% for G2 and G3 modified membranes), confirming that a further increase in the 
thickness of the dendrimer coating did not produce a significant decrease in water permeability.   
In contrast to the dramatic drop in R-WT permeability between the unmodified and dendrimer(G2 or G3)-
modified membranes, the change in permeability for the three inorganic solutes was less pronounced.   
Comparison of B parameters in Table 2.1 shows that decreases in diffusive permeability resulting from 
modifying the membranes with 7 µg/cm2 of G2 or G3 dendrimers were 42 and 47 % for H3AsO3, 73 and 
59 % for NaCl, and 60 and 65 % with BaCl2.  These results revealed that G2 and G3 produced similar 
changes in solute permeability, and that the drops were slightly greater than those observed for water.   
Notice that these comparisons for solutes NaCl, BaCl2, and H3AsO3, are made with respect to blank 
membrane samples. To assess the role played by methanol in solute permeability changes for these 3 
small solutes, an experimental set for NaCl was performed with a membrane sample tested before any 
treatment, after methanol-only percolation, and with increasing loadings of G2 dendrimer.  Experimental 
results shown in Figures A.7 (water) and A.8 (NaCl) of Appendix A and corresponding fitting parameters 
listed in Table 2.1 revealed that methanol treatment had a similar effect on NaCl permeability (18% drop) 
compared to that on water permeability (24% drop), and that increasing loading of the membrane samples 
with G2 resulted in additional similar incremental drops in permeability to maximum values of 56% 
(water) and 59% (NaCl) at the final loading of 7 µg/cm2 used. 
The experimental results obtained for all permeation experiments performed in this study revealed that 
although G2 and G3 dendrimers were effective in increasing the rejection of R-WT between one and two 
23 
 
orders of magnitude, the improvements in rejection efficiencies for H3AsO3, NaCl and BaCl2 were not as 
significant, especially for the case of H3AsO3.  Constriction of aggregate pores by G2 and G3 dendrimers, 
as depicted in Figure 2.1 for G3 dendrimers, had a relatively limited effect on preventing the neutral 
molecule H3AsO3 with diameter of 0.35 nm
34, and hydrated ions with diameters of 0.30 nm (Cl-), 0.45 nm 
(Na+) and 0.50 nm (Ba++)24 from entering the PA active layer.   
However, these results provide insight on how to modify NF membranes to enhance their performance.  
Their structure could be tuned with dendrimers to provide enhanced rejection of solutes with molecular 
weight above a certain threshold of at least 487 g/mol (R-WT molecular weight) without losing desirable 
characteristics such as high water permeability and low rejection of relatively low molecular weight 
dissolved inorganic electrolytes (the latter corresponding to low increase in osmotic pressure) associated 
with NF membranes.   
Effect of dendrimers on ions accessibility ratio.  The active layers of unmodified and dendrimer(G2 or 
G3)-modified TFC-S NF membrane samples were analyzed by RBS following previously developed 
methodology7, 8, 16: Ag+ and Ba2+ were used as ion probes to quantify accessible deprotonated carboxylic 
groups.  Experimental results for the Ag+/Ba2+ ion exchange experiments performed at pH 5.1-10.2 are 
presented in Table A.1 of Appendix A.  The Ag+ data is also plotted against the corresponding pH in 
Figure A.9.   
Modification of TFC-S membrane samples with 3.5 µg/cm2 of either G2 or G3 dendrimers resulted in 
lower uptake of Ag+ at all pH values investigated as depicted in Figure A.9.  Data in Figure A.9 revealed 
a decrease in CT,R-COOH, and an increase in pKa,2, for the dedrimer-modified membranes, compared to the 
unmodified TFC-S membrane.  The lower Ag+ uptakes by both dendrimer-modified membranes at pH 5.1 
might have resulted from a decrease in the fraction of aggregate pores, an increase in pKa,1 due to 
aggregate pore constriction, or a combination of these two effects. 
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The ion exchange data in Table A.1 of Appendix A  was analyzed to determine the neutralization number 
(NN) with Equation 1 and further defined by the expression 16: 
-
-
AR× R-COO
NN 2
AR× R-COO a
    = ⋅
   +  
 (7) 
The accessibility ratio (AR) is defined as the fraction of deprotonated carboxylic groups [R-COO ̶] that are 
accessible to Ba2+, and it can serve as a measure of the steric hindrance that ions experience in the 
membrane active layer16:  
2+
-
NN× Ba
AR=
R-COO
  
  
 (8) 
The parameter a in Equation 7 relates to the effective distance between charged carboxylic groups with its 
value being higher for greater average distance between groups which in turn affects the ability of 
divalent Ba2+ to neutralize one or two groups.8,16  As shown in Figure 2.3, despite the potential differences 
between unmodified TFC-S membranes used in this study, and the TFC-S membrane previously 
investigated8, all data sets could be represented with Equation 7 with a=0.15, which was similar to the 
previously reported value a=0.14.8 Furthermore, the average AR=0.78 value calculated shown in the 
lower plot of Figure A.9 was also close to the value AR=0.81 for the previously reported data, also shown 
in the plot.  This is an interesting finding since a relatively broad range in a=0-0.28 and AR=0.40-0.81 
has been found for six different commercial RO/NF membranes with fully aromatic PA active layer.8 
The ion exchange data for TFC-S membrane samples modified with both G2 and G3 are also plotted in 
Figure 2.3.  Because of the drop in overall accessible carboxylic groups, most of the data was present in 
the portion of the curve with slope of 1:1, and therefore the a parameters could not be determined for the 
dendrimer(G2 or G3)-modified membranes.  The average AR values was also affected by G2 and G3 as 
depicted in the lower plot of Figure A.9 (AR=0.63 for G2 and AR=0.65 for G3).  These observations 
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reveal that aggregate pore constriction by both G2 and G3 dendrimers not only decreased the overall 
concentration of accessible carboxylic groups and increased their pKa values (see Figure A.9) but it also 
resulted in Ba2+ being less effective in neutralizing two deprotonated carboxylic groups. 
The results for membrane permeation experiments can be further discussed with the information provided 
by the RBS membrane characterization. The decrease of 18±1 % in Ba2+ accessibility ratio for the 
dendrimer(G2 and G3)-modified membranes compared to that of the blank TFC-S membrane, supported 
that the lower diffusive permeation of Ba2+ (and the other inorganic solutes with similar size investigated) 
resulted from the occurrence of more pronounced steric hindrance in the dendritic membranes than in the 
blank.  The more pronounced drop in diffusive permeation of R-WT supported that steric hindrance of 
this larger molecule was consistent with G2 and G3 constricting aggregate pores.  Because water and the 
smaller solutes investigated (H3AsO3, BaCl2 and NaCl) were able to permeate through network pores, 
which dendrimers were not able to constrict, there was lower impact on their overall permeation.  
However, the limited increases in rejection observed for H3AsO3, BaCl2 and NaCl reveal that it is possible 
to change the solute/water selectivity of NF membrane active layers but attaining more significant 
changes might require physicochemical changes beyond the constriction of aggregate pores; possibly 
changing the size distribution and chemistry of network pores.  Nevertheless, the possibility of creating 
membranes providing high rejection of trace organic solutes and low rejections of background 
electrolytes could be beneficial in cases where current RO membranes could not be selected because they 
reject background electrolytes and the corresponding increase in feed osmotic pressure results in 
undesirable higher energy requirements. 
These initial investigations with dendrimer-modified NF active layers demonstrate that dendrimers can be 
used to tailor the geometries and functions of NF membranes for specific applications in the control of 
water quality. 
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Figure 2.3.  Stoichiometry of the association between R-COO- groups neutralized by Ba2+ and the Ba2+ 
ions neutralizing them in the active layer . Comparisons between unmodified TFC-S membrane, and  
TFC-S membrane samples modified with 3.55 µg/cm2 of dendrimer G2 or G3.  Symbols represent 
experimental data for the ion exchange between Ag+ and Ba2+ listed in Table A.1 of Appendix A.    The 
red star symbol corresponds to ion exchange experiments reported by Coronell et al.8 for the unmodified 
TFC-S membrane. The blue line corresponds to neutralization of one deprotonated carboxylic group per 
Ba2+ (the second charge neutralized by nitrate ion), and the red line corresponds to neutralization of two 
deprotonated carboxylic groups per Ba2+.  For the same pH the Ag+ displaced by Ba2+ in the dendrimer-
modified membranes is always less than for the TFC-S blank membranes (See also Table S1).  The 
difference in displaced Ag+ between blank and dendrimer-modified membranes indicates that the Ba2+ is 
experimenting an additional steric hindrance in the case of the dendrimer-modified membranes.  The 
accessibility ratio of Ba2+ to carboxylic groups decreases when the dendrimers are present.  These results 
are in agreement with the rejection experiments on Figure 2.2, where it can be observed that dendrimer-
modified membranes decrease solute permeability coefficients. 
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CHAPTER 3 
Development and performance characterization of a polyamide 
nanofiltration membrane modified with covalently bonded aramide 
dendrimers
2
 
Abstract- A first generation of amine terminated aramide dendrimers (G1-NH2) was covalently attached 
to the polyamide (PA) active layer of a commercially-available nanofiltration (NF) membrane.  Amide 
bonds between G1-NH2 and PA free carboxylic groups were formed by activation of the carboxylic 
groups with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) or 2-chloro-1-methylpyridinium 
iodide (CMPI), followed by aminolysis.  Dendrimer attachment was assessed by indirectly measuring the 
concentration of carboxylic groups and amine groups before and after membrane modification with RBS 
using yttrium and tungstate ions (Y+3 and WO4
2-) as ion probes.  RBS analyses showed a decrease in the 
concentration of carboxylic groups and an increase in amine groups on the membrane active layer, 
consistent with dendrimers attaching covalently to the active layer.  Permeation experiments with 
Rhodamine WT (R-WT) revealed that the water and solutes permeability decreased after modification 
with dendrimer G1-NH2.  Water permeability of G1-NH2 modified membrane decreased by 16-19 % 
using EDC combined with sulfo--hydroxysuccinimide (s-NHS), and by 17-33 % using CMPI.  The 
permeability of the electrolyte BaCl2 decreased by 54 % after G1-NH2 modification using EDC/s-NHS 
and only by 20 % using CMPI, the latter consistent with a weaker Donnan exclusion effect.  The 
permeability of the larger solute R-WT decreased by 82 % in modified G1-NH2 membranes when using 
EDC/s-NHS, and 64 % for crosslinking reagent CMPI.  Thus, the use of EDC/s-NHS was more favorable 
because it resulted in higher gains in solute rejection with lower losses in water permeability.   
                                                          
2
 Reproduced with permission from Ana M. Saenz de Jubera, James H. Herbison, Yukako Komaki, 
Michael J. Plewa, Jeffrey S. Moore, David G. Cahill, and Benito J. Mariñas. Development and 
performance characterization of a polyamide nanofiltration membrane modified with covalently bonded 
aramide dendrimers. Environ. Sci. & Technol. 2013, 47, 8642-8649. Copyright 2013 American Chemical 
Society. 
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3.1. Background 
In the last four decades, significant improvements have been achieved in nanofiltration (NF) and reverse 
osmosis (RO) membranes, leading to increase in water flux, improvement in solute rejection, and 
reduction in cost.1 More recently, researchers have been developing new methods of preparing and 
modifying membranes with the incorporation of nano-structured materials; their promising results could 
lead to revolutionary breakthroughs in membrane technology.2-5  
The modification of membranes with dendrimers has potential for improving membrane performance.2,6  
Our team recently developed modified nanofiltration (NF) membranes with enhanced performance by 
adding amphiphilic aromatic polyamide dendrimers to the polyamide (PA) active layer of a commercially 
available NF membrane.7,8  Dendrimer-modified membranes rejected the organic contaminant surrogate 
Rhodamine-WT (R-WT) at levels more than one order of magnitude higher compared to the performance 
of unmodified membranes, while the corresponding water permeability decreased only by approximately 
30%.  However, in this initial approach to modify membranes, the dendrimers were bound to the PA 
active layer only by hydrophobic attraction forces that were found to be inadequate to prevent gradual 
dendrimer desorption.  Therefore, a method for covalent attachment of dendrimers to the membrane 
active layer is needed. 
Here, we describe an approach to produce stable dendrimer-modified PA membranes by activating 
carboxylic groups present in the membrane active layer1 with two different chemical coupling reagents, 
and bonding them to amine-terminated dendrimers. 
Chemical crosslinkers used for amide bond formation between amines and carboxylic groups include 
diisocyanates, glutaraldehyde, formaldehyde, diepoxides, acyl azides, and carbodiimides.9,10 The 
33 
 
crosslinker 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) has been the most common reagent 
for bioconjugation, peptide synthesis, and organic chemistry.11,12,13 EDC is non-cytotoxic and 
biocompatible14, and its N-acylurea derivative can be easily separated from the reaction products by 
rinsing with an acidic solution.15  The EDC molecule reacts with a carboxylate group forming a reactive 
O-acylurea, which then reacts with nucleophiles; if the nucleophile is an amine, the final product is an 
amide bond.16  Advantages of using EDC are its high solubility in water and other polar solvents, 
simplicity of the reaction, and convenience of using ambient temperature conditions.14,17,18  However, 
there are also some challenges associated with the use of EDC including lack of stability at room 
temperature, hygroscopicity, and reactivity with many compounds including water.18-21  The stability of 
EDC can be enhanced by performing reactions in the presence of -hydroxysuccinimide (NHS) or its 
water soluble analog sulfo--hydroxysuccinimide (s-NHS)22.   
An alternative reagent is 2-chloro-1-methylpyridinium iodide (CMPI), also known as Mukaiyama 
reagent16.  Compared to EDC, CMPI has lower cost and higher stability at room temperature and at a 
wider pH range, while its reaction time is similar to that of EDC.16 
Covalently attached dendrimers to PA membranes could still leak into the product water if the amide 
bond cleavages, for example by reacting with common membrane cleaning agents such as chlorine 23.  
Therefore, it is important to assess the potential toxicity of dendrimers in humans with well-established 
methods such as cytotoxicity assays with mammalian cells.24,25 
The objectives of this study is to develop a method to covalently attach aramide dendrimers to the PA 
active layer of a commercial NF membrane, assess the efficiency of the covalent attachment reaction, 
characterize the permeability of the resulting dendrimer-modified membranes, and evaluate the 
cytotoxicity of dendrimers. 
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3.2. Materials and Methods 
Dendritic aramide molecules.  First generation amine-terminated polyamide dendrimers (G1-NH2) were 
synthesized following a previously reported divergent approach26.  The molecular structure of dendrimer 
G1-NH2 is shown in Figure B.1 (see Appendix B).  Structure and purity of dendrimer G1-NH2 were 
characterized by 1H NMR, 13C NMR, and ESI mass-spectrometry.  Three generations of polyethylene 
glycol (PEG)-terminated dendrimers (G1-PEG, G2-PEG, G3-PEG) synthesized and used in our previous 
study7,8 were also tested to assess their stability on the active layer without covalent bonding.  The 
molecular structure of dendrimers G1-PEG, G2-PEG and G3-PEG are shown in Figure B.2. 
Materials for dendrimer attachment.  EDC was purchased from TCI America (Portland, OR), s-NHS 
from Thermo Scientific (Thermo Fisher Scientific Inc., Waltham, MA), CMPI from Aldrich Chemicals 
(Sigma-Aldrich, St Louis, MO), and 2-(-morpholino)ethanesulfonic acid (MES) buffer from Acros 
Organics (Thermo Fisher Scientific Inc., Waltham, MA).  The commercially available TFC-S NF 
membrane (Koch Membrane Systems Inc., Wilmington, MA) with uncoated fully aromatic PA layer was 
used in all experiments. 
Dendrimer/PA attachment procedures.  The attachment yield of dendrimer G1-NH2 to the PA layer of 
the TFC-S membrane was studied using EDC or CMPI as coupling reagents.  TFC-S membrane samples 
were cut into 14 cm2 coupons.  The EDC/s-NHS and CMPI solutions were prepared immediately before 
use at concentrations of 26 µM and 23 µM respectively.  The pH was adjusted with NaOH and HNO3.  
Amide formation between free carboxylic groups in the PA active layer and G1-NH2 amine terminal 
groups in the presence of EDC was investigated by first immersing membrane coupons in batch reactors 
containing 100 mL of 1 mM solution of MES buffer with pH varied between  4.7 -7.0.  The total amount 
of carboxylic groups per membrane coupon was approximately 3.10-5 µmols (measured in our previous 
work with RBS using Ag+ as ion probing8,28) which resulted in RCOOH molar dose of 3.10-4 µM inside 
the reactor.  The solutions also contained 26 µM EDC, 23 µM s-NHS, and 13 µM G1-NH2.  The s-
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NHS:EDC molar ratio to achieve maximum amide formation has been reported to lie between 0.8 and 111; 
an intermediate ratio of ~0.88 was chosen for our study.  One special consideration for the methodology 
of our study was that the acid-base dissociation constant pKa for the carboxylic functional groups 
immobilized in the PA layer of nanofiltration membranes was typically higher than for free carboxylic 
groups in solution.27,28  Previous RBS analyses of carboxylic groups (using Ag+ as ion probe) in the same 
unmodified TFC-S membrane active layer investigated in this study have shown that the membrane two 
pKa values, pKa,1=5.4 
28 and pKa,2=8.4-8.7 
8,28.  The lower pKa,1=5.4 has been interpreted as that for the 
fraction of carboxylic groups present in larger aggregate pores, estimated at 33% 28, which are more 
readily accessible to the reactants used in this study.  Accordingly, even though the optimum pH for 
activation of carboxylic groups in aqueous solution with EDC has been suggested to range between 4.7 
and 5.511,16, a broader pH range of 4.7-7.0 was investigated in this study to account for the higher 
carboxylic groups pKa values in polyamide membranes.  MES buffer was chosen because its pKa ≈ 6.0 
(37 oC)29 lies in the pH range of interest and because it has been shown that sulfonic acid-based buffers 
are not reactive with EDC18.  The reaction was allowed to proceed for 8 h at 37 oC. 
After dendrimer immobilization, membrane coupons used for RBS analysis were immersed in an aqueous 
solution of 400 mg/L NaCl and exposed to a two-step sonication procedure at pH 4 for 2 h followed by 
pH 10 for another 2 h.  The sonicated samples were rinsed with acetonitrile for an additional 2-h period to 
remove unattached G1-NH2 dendrimers.  Samples tested for membrane permeation were sonicated but 
they were not rinsed with acetonitrile because acetonitrile exposure for 2 h produced an irreversible 
decrease in their water permeability of approximately 40% and a decrease in solute rejection (Figure B.3 
in Appendix B).  Other membrane compatible solvents were tested for the rinsing protocol, but 
acetonitrile was found to be the most efficient. 
Experiments performed with CMPI followed similar procedures to those used with EDC without the 
addition of s-NHS because CMPI is stable in water.17  14 cm2 TFC-S coupons were immersed in 100 mL 
of  1 mM solution of MES buffer containing 26 µM CMPI and 13 µM G1-NH2.  A broader pH range of 4-
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10 was investigated with CMPI. Temperature and reaction time were the same as those used for the EDC 
reaction. 
Experimental setup for rejection experiments.  Permeation experiments with target solutes were 
performed in a dead-end filtration reactor (model 8050, Millipore Co., Bedford, MA).  Permeate flow 
rates were monitored gravimetrically.  Experiments were performed at room temperature (20-22 °C) 
under magnetic stirring.  Additional information about the experimental apparatus is presented 
elsewhere.30,31 
Target solutes.  Two solutes were used to perform permeation experiments.  Rhodamine-WT (R-WT) 
(35%-w/v aqueous solution, Turner Designs, Sunnyvale, CA) with molar mass of 487 g/mol was selected 
as a surrogate for organic contaminants such as pesticides and pharmaceuticals.  BaCl2
.2H2O (99% pure, 
Sigma Aldrich) was selected to allow comparison to previous permeation data obtained with an earlier 
generation of dendrimer-modified membranes.8  R-WT was measured by spectrofluorometry (RF-5301 
PC, Shimadzu Scientific Instruments, Inc., Columbia, MD).  BaCl2 was determined as chloride by ion 
chromatography (IC S-2000, Dionex Corporation, Sunnyvale, CA) using an ion Pac As 18 column, 36 
mM KOH eluent at a flow rate of 1 mL/min, and a 25-µL injection loop. 
Permeation experiments.  Permeation experiments were performed at hydraulic pressures between 0.07-
0.41 MPa.  Single-solute aqueous solutions containing 2.5 mg/L of R-WT, or 400 mg/L of BaCl2
 were fed 
into the reactor under stirring conditions.  The pH was adjusted to 6.75±0.25 for all feed solutions.  
Permeation experiments were performed with blank TFC-S membranes prior to G1-NH2 attachment.  
Afterwards, the membrane was flushed repeatedly with nanopure water to remove the remaining solute, 
and to clean the membrane surface in preparation for dendrimer attachment.  Dendrimer attachment 
conditions employed a G1-NH2 concentration of 13 µM, crosslinking reagent concentration of 26 µM 
EDC/23 µM s-NHS or 26 µM CMPI, pH 6, 37 oC, and 8 h reaction time.  After attaching dendrimer G1-
NH2, rejection experiments were repeated to determine the performance of the TFC-S membrane with 
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covalently bonded dendrimers.  Control experiments were carried to account for the effect that residual 
EDC, s-NHS or CMPI could have on membrane performance; R-WT rejection by TFC-S coupons treated 
with only EDC/s-NHS or CMPI, were studied (see Figure B.4 in Appendix B).  Similarly, to quantify the 
impact of dendrimer G1-NH2 adsorbed to the polyamide layer, rejections experiments with R-WT and 
BaCl2 were performed with TFC-S membrane coupons pre-exposed to a 1 mM MES buffer solution 
containing 13 µM of dendrimer G1-NH2, without adding coupling reagents. 
Membrane active layer characterization with RBS.  The concentrations of free carboxylic groups in 
the PA layer and amine groups associated with unreacted G1-NH2 terminal groups were quantified before 
and after dendrimer attachment.  Free carboxylic groups were measured at a pH of 6 using yttrium ion 
(Y+3) as ion probe; amine groups were measured at pH 4.0 using tungstate ion (WO4
2-).  The 
concentrations of Y+3 and WO4
2- neutralizing carboxylic groups and amine groups were determined by 
RBS following procedures described elsewhere.27,28,32  A key reason for selecting Y+3 over Ag+ used in 
previous studies8,27,28 was to avoid interferences resulting from Ag+ tendency to complex with dendrimer 
terminal amines.  Furthermore, Y3+ was found to be a better probe to measure carboxylic groups at the 
target pH of 6.0 compared to several other heavy ion probes including Ag+ (data not shown). 
Ion probe solutions.  WO4
2- and Y3+ solutions were prepared at concentrations of 10-3 and 10-6 M for 
WO4
2- and 10-6 M for Y3+ in nanopure water using sodium tungstate dihydrate (Na2WO4
.2H2O, 99.0%) 
and yttrium chloride (YCl3, 99.99%) (both from Aldrich Chemicals, Sigma-Aldrich, St Louis, MO). To 
avoid yttrium carbonates precipitation in the aqueous solution, the water was bubbled with nitrogen 3 
hours prior to the start and during each experiment.  HNO3 and NaOH were used to adjust the pH.   
Solutes transport model.  Results obtained from R-WT and BaCl2 permeation experiments were 
analyzed with a modified version of the diffusion-solution model that accounts for advective transport 
through active layer imperfections33 as described elsewhere.8 
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Dendrimer cytotoxicity.  The toxicity of dendrimer G1-NH2 used in this study, and polyethylene glycol 
(PEG) terminated dendrimer G1 (G1-PEG) used in our previous study8, was investigated by assessing 
their impact on mammalian cell growth kinetics and cell ability to subsist and replicate using the 
procedures developed by Plewa et al.24,25  Briefly, line AS52 of transgenic Chinese hamster ovary (CHO) 
cells placed in flat-bottom tissue culture 96-well microplates were exposed to a range of dendrimer G1-
NH2 and G1-PEG concentrations in 200 µL of Ham’s F12 medium supplemented with 5% fetal bovine 
serum (FBS), 1% antibiotic-antimycotic solution (Invitrogen, Carlsbad, CA) and 1% glutamine.  Each 
well contained a target of 3,000 CHO cells and a known concentration of dendrimer G1-NH2 or G1-PEG.  
G1-NH2 and G1-PEG dendrimers were tested with 4 replicate wells and 2 replicate wells, respectively.  
Since dendrimer G1-PEG is water soluble, it was directly dissolved in the aqueous F12+FBS medium.  
The water insoluble dendrimer G1-NH2 was first dissolved in DMSO and then diluted in the F12+FBS 
medium.  A blank control with 200 µL F12+FBS medium only, and a negative control with 3,000 CHO 
cells in 200 µL F12+FBS were also tested.  The microplate was placed in a CO2 incubator at 37 
oC for 72 
h.  After the 72 h exposure time, the content of each well was aspirated, leaving only the viable cells 
which have attached to the plate bottom.  Cells were fixed in 100% methanol, followed by staining with 
1% crystal violet in 50% methanol.  The microplate was gently washed with water and 50 µL of a 3:1 v/v 
mixture of DMSO/methanol was added to each well to desorb the crystal violet from stained cells.  The 
plate was analyzed with BioRad microplate reader at 595 nm.  The average absorbance from the blank 
was subtracted from each of the well readings.  The average of blank-corrected negative control 
absorbance reading was set at 100% and the reading for each treatment group was converted to % cell 
viability. 
3.3. Results 
Stability of dendrimers without covalent bonding on the TFC-S membrane.  In our previous work we 
modified a fully aromatic polyamide NF membrane with 3 different generations of aramide dendrimers 
(G1-PEG, G2-PEG, and G3-PEG). 7,8   The structure of these dendrimers consisted of a PA core with PEG 
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chains on the periphery. The results indicated that modification of the commercial NF membrane with 
dendrimers G1-PEG was not successful due to the dendrimer loss through the membrane because of its 
small size.7 Dendrimer G2-PEG and G3-PEG were able to enhance the rejection of R-WT without 
substantially affecting the water permeability8, but their interactions with the PA layer resulted inadequate 
for membrane performance stability.  It was observed that after 10 days of constant operation in a stirred 
reactor, the initial solute rejection enhancement by dendrimers G2-PEG and G3-PEG vanished (Figure 
B.5 in Appendix B) suggesting that dendrimers were eventually lost from the active layer.   
The initial stage of this work aimed to confirm the lack of stability of the dendrimers on the membrane. 
The iodinated version of dendrimer G3-PEG (G3-I2-PEG), synthesized and used in our previous work
7, 
was loaded onto a blank TFC-S membrane and quantified by RBS before and after 10 days of constant 
permeation operation.  The G3-I2-PEG structure is identical to G3-PEG except for two iodine atoms 
bonded to the dendrimer core.7  The structure of dendrimer G3-I2-PEG is shown in Figure B.6 of the 
appendix B.  A dose of 3.5 µg /cm2 G3-I2-PEG was loaded on the TFC-S membrane by percolation, 
resulting in a homogeneous 5.8 nm G3-I2-PEG dendrimer coating with a surface density of 0.7 µg/cm
2 on 
top of the PA as determined by RBS.  The remaining dendrimers were found inside the TFC-S active 
layer at a surface density of 2.3 µg/cm2.  The membrane with 3.5 µg /cm2 G3-I2-PEG was placed in a 
stirred cell where nanopure water permeation experiments were carried out for 10 days, after which RBS 
analysis indicated a decrease in the amount of dendrimers located on the membrane.  Over 90% of the 
homogeneous layer of dendrimer G3-I2-PEG disappeared and the amount G3-I2-PEG found within the PA 
was reduced to 0.4 µg/cm2.  RBS spectra for the membrane containing G3-I2-PEG before and after the 10 
days permeation experiments are provided in Figure B.7. The iodinated dendrimers were only used for 
RBS characterization and not for permeation experiments due to their synthesis yield limitation.  From 
these findings emerged the necessity to develop a method to covalently bond dendrimers on the 
membrane layer.  The study herein presented, focuses on assessing the enhancement of the TFC-S 
membrane performance by covalent-bonded first generation dendrimer G1-NH2. 
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RBS assessment of dendrimer covalent bonding to the PA active layer.  The concentration of 
carboxylic and amine groups before and after covalent bonding of G1-NH2 to the PA active layer with 
EDC/s-NHS and CMPI were determined by RBS analyses of samples equilibrated with Y3+ at pH 6, and 
WO4
-2 at pH 4.  Experimental results obtained for the quantification of amine groups are shown in Figure 
3.1(a) for covalent bonding of G1-NH2 at pH 4.7-7.0 with coupling reagents EDC/s-NHS, and Figure 
3.1(b) for covalent bonding of G1-NH2 at pH 4.0-10.0 with coupling reagent CMPI.  Figure 3.1(c) show 
the concentration of carboxylic groups corresponding to the covalent bonding of G1-NH2 with both 
coupling reagents at pH 6.  As shown in Figure 3.1(c), a concentration of 0.31 M deprotonated carboxylic 
groups was observed on the PA active layer of blank samples analyzed using the heavy ion probe Y+3.  
This value is approximately twice that of ~0.15 M previously reported at pH 6 using the heavy ion probe 
Ag+.28  As shown in Figure 3.1(c), covalent bonding of G1-NH2 with EDC/s-NHS and CMPI resulted in 
lower concentrations of deprotonated carboxylic groups corresponding to reductions with respect to the 
corresponding blanks of 0.10 M and 0.28 M.  However, it is not possible to conclude if this would 
correspond to the concentration of G1-NH2 bonded, because more than one of the amines in the G1-NH2 
molecule could form amide bonds. Also similar to previous observations with unattached G2-PEG and 
G3-PEG dendrimers8, attached G1-NH2 dendrimers may decrease accessibility of some of the carboxylic 
groups to heavy ion probes. 
The concentration of protonated amines found in the blank TFC-S membrane using ion probe WO4
-2 was 
0.024 M (Figure 3.1(a)).  The concentrations of protonated amine groups found in TFC-S membrane 
control samples exposed to dendrimer G1-NH2 but in the absence of crosslinking reagents EDC/s-NHS at 
pH 5.3 and 6.0 were 0.023 and 0.019 M, both similar to the blank value.  
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Figure 3.1. Amine incorporation to the TFC-S active layer by dendrimer covalent attachment with EDC 
coupling (a) and CMPI coupling (b) measured with WO4
2- ion probe at pH=4. TFC-S blank samples 
(yellow non patterned bar) show an initial concentration of approximately 0.02 [M] of NH2 groups in the 
TFC-S active layer. EDC coupling reactions (green bars in b)) and CMPI coupling reaction (cyan bars in 
a)) were performed at different pH conditions. TFC-S blanks, exposed to dendrimer G1-NH2 and not 
crosslinking (yellow patterned bars in a) and b)) show that non covalently attach dendrimers to the 
membrane can be washed away. c) Carboxylic group decrease in the active layer due to amine formation 
with dendrimer G1-NH2 with EDC (green bar) and CMPI (cyan bar). 
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In contrast, membrane coupons exposed to the coupling reagent EDC/s-NHS in the presence of dendrimer 
G1-NH2 resulted in higher concentrations of protonated amine groups corresponding to increases within 
the range of 0.11-0.15 M; no trend was observed on the amine concentration with pH between 4.7-7.0.  
These findings are interesting because the decrease in carboxylic groups is similar to the increase in 
protonated amine groups at pH 6.  However, it is still not possible to conclude if this corresponds to the 
concentration of G1-NH2 bonded.  If only one of the G1-NH2 amines formed an amide group then all 
three remaining groups had the potential to become protonated.  Although the pKa values of G1-NH2 are 
not known, an analogy can be made with those of known molecules.  For example, the pKa values of 1,3-
diaminobenzene are 5.11 and 2.5034, and so only one of the amine groups would protonate at pH 4.  
Assuming a similar trend for G1-NH2, two of the four primary amines would not protonate significantly 
at pH 4.  Furthermore, the remaining amine in the ring of G1-NH2 in which the other amine has formed an 
amide bond with a carboxylic in the PA active layer might be at least partially protonated at pH 4.  
Dendrimer terminal amines resemble the ability of free amines in the PA active layer of the TFC-S 
membrane to protonate because both amine groups have a meta- position in the benzene ring with respect 
to the amide bond.  The deprotonation constant for amine groups in the TFC-S membrane was previously 
found to be pKa = 3.7.
28  Because the pKa values of the amines in the covalent bonded G1-NH2 molecules 
are not known, we concluded that the observed increase in protonated amines group is consistent with the 
measured decrease in deprotonated carboxylic groups. 
The concentration of protonated amines in two sets of control membrane samples exposed to dendrimer 
G1-NH2 in the absence of coupling reagents was determined with WO4
-2.  The two controls were tested at 
two extreme pH levels of 4 and 10 and resulted in amine concentrations of 0.027 and 0.018 M, 
respectively. (Figure 3.1(b)).  These values are similar to the value of 0.024 M observed for the blank 
sample and those of 0.019-0.023 M for the two additional controls at intermediate pH 5.3 and 6.0 (Figure 
3.1(a)).  The concentration of protonated amine groups found in the TFC-S membrane samples reacted 
with dendrimer G1-NH2 using CMPI were higher than those observed with the blank samples but they 
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revealed the occurrence of a pH effect, with the concentration of protonated amines found at pH 4 (0.035 
M) being 40-50 percent lower than those at pH 6 (0.061 M) and pH 10 (0.068 M), resulting from the level 
of reactive deprotonated carboxylic groups at pH 4.0 being too low.  The concentrations of protonated 
amine groups at pH 6 corresponded to an increase of 0.037 M at pH 6, one third of that obtained with 
EDC/s-NHS at pH 6, and only 19 % compared to the corresponding decrease of 0.19 M in deprotonated 
carboxylic groups corresponding to the results shown in Figure 3.1(c).  These observations are consistent 
with more than one amine group in each G1-NH2 molecule forming amide bond.  Unfortunately, we 
cannot yet quantify if more than one amine per dendrimer reacted with carboxylic groups in the PA active 
layer.  We plan to address this unknown by synthesizing an iodinated version of dendrimer G1-NH2 to 
directly measure the concentration of dendrimers in the membrane active layer by RBS. 
Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), and transmission 
electron microscopy (TEM) were tested to quantify dendrimer attachment without success. FTIR did not 
provide sufficient resolution to quantify changes in amine and carboxylic groups. The layer of dendrimers 
added to the membrane is very small compared to the existing PA and therefore SEM and TEM were also 
not effective in detecting the presence of dendrimers on the membrane surface due to the lack of contrast.  
Permeation experiments.  Results for permeation experiments performed with R-WT and BaCl2 for 
TFC-S membrane samples before and after modification with dendrimer G1-NH2 and EDC/s-NHS or 
CMPI, as described in the Materials and methods section, are shown in Figure B.8 of appendix B and 
Figure 3.2.  Each set of water and solute permeation data in Figures B.8 and B.2 were fitted with solution-
diffusion transport33 expressions described in our previous study.8  The resulting fitting parameters listed 
in Table 3.1 are the water permeation coefficient AD, solute permeation coefficients B, and the fraction α 
of the total product water flux corresponding to advection through membrane imperfections.  Because the 
rate of mixing inside the permeation cells was the same as in our previous study8 the mass transfer 
parameters used for the concentration polarization of R-WT and BaCl2 were the same values of kR-WT = 1 
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m/d and kBaCl2 = 2.4 m/d.  The water permeation coefficient AD for the four unmodified TFC-S samples 
was in the range of 1.40-1.63 m/MPa/d.  
The advective transport coefficient α obtained from fitting the R-WT data was 0.006 (dimensionless), a 
value only 20% higher than that of 0.005 for our previous study.8  A value of α could not be determined 
from fitting the BaCl2 permeation data because of the lower rejection observed for this solute and so the 
same value α = 0.006 was assumed since it is expected that the corresponding ions would have at least the 
same passage though imperfections compared to the larger R-WT molecule.  
Table 3.1. Water, Rhodamine WT (R-WT), and barium chloride (BaCl2) permeation coefficients.
a  
Membrane AD (m/MPa/d) Solute B (m/d) α 
TFC-S Blank 1.63±0.03 R-WT 0.0011 0.006 
TFC-S + EDC/sNHS + G1-NH2 1.37±0.03 R-WT 0.0002 0.006 
TFC-S Blank 1.40±0.07 R-WT 0.0042 0.006 
TFC-S + CMPI + G1-NH2 0.94±0.02 R-WT 0.0015 0.006 
TFC-S Blank 1.62±0.06 BaCl2 0.28 0.006
b 
TFC-S + EDC/sNHS + G1-NH2 1.31±0.04 BaCl2 0.15 0.006
b 
TFC-S Blank 1.56±0.07 BaCl2 0.2 0.006
b 
TFC-S + CMPI + G1-NH2 1.3±0.04 BaCl2 0.16 0.006
b 
a Obtained for TFC-S membrane samples before and after modification with covalently 
bonded dendrimer G1-NH2 operated at 21±2 °C, pH 6.75±0.25, and single solute feed 
concentration of 2.5 mg/L (R-WT), or 400 mg/L (BaCl2). Attachment done with 14 cm
2 
TFC-S coupons immersed in pH 6 MES bufferd solutions with 2.6.µM EDC/2.3 µM 
sNHS or 2.6 µM CMPI, and 1.3.µM G1-NH2.  Batch reaction performed at 37
oC, during 
8 hours. 
b The fraction α of the total product water flux passing through membrane imperfections 
for BaCl2 could not be resolved accurately due to the advection term contribution to 
overall permeation being much lower than the diffusion term contribution. Therefore, 
the fraction α was assumed to be the same as that determined from fitting the R-WT 
data. 
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Greater variability was observed for solute permeation coefficients obtained with the unmodified TFC-S 
samples.  In case of R-WT, B values for the two samples tested differed by a factor of nearly four, i.e., 
0.0011 and 0.0041 m/d.  The coefficients obtained for BaCl2 in this study, were B = 0.20-0.28 m/d. 
Permeation experiments performed with membrane samples exposed to crosslinking reagents in the 
absence of G1-NH2 (data not shown) had the same membrane performance as the unexposed membranes 
in terms of water permeability, and solute (R-WT and BaCl2) rejection confirming that EDC/s-NHS and 
CMPI molecules were washed away successfully. 
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Figure 3.2. Experimental (symbols) and modeled (line) solute passage for R-WT (a,b) and BaCl2 (c,d) 
solute rejection experiments with unmodified TFC-S NF membrane (circle symbols), and TFC-S 
membrane where dendrimer G1-NH2 has been covalently attached (triangle symbols) using EDC/s-NHS 
(a,c) or CMPI (b,d) as the coupling agent(s). Corresponding solute permeability coefficients are listed in 
Table 3.1. 
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The performance of TFC-S membrane samples changed after dendrimer G1-NH2 modification.  Similar to 
what was observed in our previous study8, the permeability of water and solutes decreased after 
modification with dendrimer G1-NH2.  The water permeability of the G1-NH2 modified membrane 
samples decreased by 16-19 % using coupling reagents EDC/s-NHS, and by 17-33 % using coupling 
agent CMPI.  The decrease in solute permeability for BaCl2, was 54 % when using coupling reagents 
EDC/s-NHS, an effect more pronounced than that for water in agreement with our previous study with 
G2-PEG and G3-PEG dendrimers.8  In contrast, the decrease in BaCl2 permeability when using coupling 
agent CMPI was only 20 %, or within the range of that observed for water permeability.  The lower 
decrease in BaCl2 permeability when using CMPI as coupling agent compared to that achieve when using 
the reagents EDC/s-NHS, might be the result of weaker Donnan exclusion of ions35 at the corresponding 
lower concentration of deprotonated carboxylic groups (see Figure 3.1c).  Although the concentration of 
amine groups was also lower when using CMPI as coupling agent (Figure 3.1b) compared to when using 
EDC/s-NHS (Figure 3.1a), it is not likely that many amine groups would have been protonated at the pH 
of 6.75 used in the permeation experiments and thus their contribution to Donnan exclusion should have 
been negligible.  
The permeability of the larger solute R-WT was the most affected, with the permeation parameter 
decreasing 82 % when using coupling reagents EDC/s-NHS, and 64 % for CMPI. The observation that R-
WT diffusion coefficient is more affected with dendrimers presence compare to BaCl2 is in agreement 
with what we found in our previous study8 with TFC-S membrane modified with G2-PEG and G3-PEG 
dendrimers where constriction of aggregate pores by the dendrimers in the membrane PA layer resulted in 
decreased diffusive permeability of solutes through those pores. The more pronounced drop in R-WT 
diffusive permeability compared to that for the smaller BaCl2 ions and water, supported that dendrimer 
G1-NH2 created a steric hindrance for R-WT which predominantly permeates through the larger 
aggregate pores. Smaller molecules, such as water and BaCl2 are able to permeate also through network 
pores, thus there is a lower impact on their overall permeation. 
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The results in Figure 3.2 suggest that the use of EDC/s-NHS is more favorable for these specific 
conditions than the use of CMPI; EDC/s-NHS resulted in higher gains in rejection of both R-WT and 
BaCl2 with lower loss in water permeability.  Based on the amount of incorporated free amine groups to 
the membrane it could be possible that EDC/s-NHS would be more efficient than CMPI for attaching a 
higher number of dendrimers to the membrane, but each dendrimer would have less attachment points to 
the active layer with EDC/s-NHS than with CMPI. This would result in a higher level of pore obstruction 
and a higher charge in membranes prepared with EDC/s-NHS both of which resulting in higher solute 
rejection. Unfortunately, we could not yet fully quantify the amount of dendrimers reacted on the 
membrane, but we plan to address this unknown by synthesizing the iodinated version of dendrimer G1-
NH2 to measure it with RBS. 
Our previous study with G1-PEG was limited because this first generation dendrimer was not covalently 
bonded and leaked through the membrane active layer in the time period during which the permeation 
experiments were performed (see Figure B.9 in Appendix B). It should be noted that the α and B values 
for the blank TFC-S membrane sample used for the G1-PEG experiments were significantly higher than 
for those used in the present study.  This might have accounted for the somewhat better initial decrease in 
solute permeation coefficient plus the fact that G1-PEG (molar mass=1,016 g/mol) has a larger molecular 
size than G1-NH2 (molar mass=376 g/mol).  Nevertheless, the stability associated with covalent bonding 
makes the TFC-S membrane modified with G1-NH2 a promising viable option for long term operation if 
better permeation performance improvement could be achieved.  The greater improvement in 
performance by G2-PEG and G3-PEG compared to that by G1-PEG dendrimers8 (Figure B.9) supports 
the need for developing methodologies to attach G2-NH2 and G3-NH2 dendrimers, which in turn might 
require the use of solvents other than water because of their extremely low solubility in water, or the 
development of different attachment protocols.  Overcoming this barrier would allow checking if similar 
to membranes modified with Gi-PEG dendrimers, the performance of those modified with G2-NH2 and 
G3-NH2 dendrimers would substantially improve upon that found in this study with G1-NH2. 
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Cytotoxicity. Potential health issues may arise concerning dendrimers leaching from the membrane.   
Exposure to oxidants like chlorine may cause the covalent bonds to break releasing dendrimers. We 
analyzed the cytotoxic impact of different concentrations of dendrimer G1-NH2 and dendrimer G1-PEG 
using an in vitro chronic mammalian cell cytotoxicity assay.25,36  Concentration-response curves for 
dendrimer G1-NH2 and G1-PEG  are presented in Figure 3.3. The concentration in g/L for each dendrimer 
versus cell density was normalized as a percentage of the concurrent negative control for each 
experiment. Both dendrimer G1-PEG and dendrimer G1-NH2 induced statistically significant levels of 
cytotoxicity in a concentration-dependent manner (Table B1, Figure 3.3). The cytotoxicity of the 
dendrimer with PEG terminal chains was lower than that with terminal amines. The LC50 value for G1-
NH2 was 13 µM or 5 mg/L while for G1-PEG the LC50 value was 490 µM or 500 mg/L. The LC50 is the 
calculated dendrimer concentration that induced a cell density that was 50% of the concurrent negative 
control. For reference, these values are within the range of  LC50 cytotoxicity levels reported for some 
regulated disinfection by products found in water treatment plant effluents: 1.4 mg/L for bromoacetic 
acid, 25.2 mg/L for tribromoacetic acid, 76.5 mg/L for chloracetic acid, and 406.5 mg/L for 
trichloroacetic acid.37 Hydrophilic dendrimers have been widely studied for drug delivery, and these 
results are consistent with the fact that an increase of hydrophilicity decreases the toxicity impact on the 
cells.  Nevertheless an artifact may affect the G1-NH2 data at the highest concentration.  G1-NH2 has low 
solubility in water, and though G1-NH2 was solubilized with DMSO prior to addition to the microplate, it 
was observed under the microscope that after the 72 h incubation period, the microplate wells containing 
0.19 g/L G1-NH2 formed a precipitate. This G1-NH2 precipitate may physically interfere with the 
attachment of the CHO cells to the bottom of the microplate. However, the precipitation was not observed 
at the LC50 concentration or at the lowest cytotoxic concentration. 
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Figure 3.3. Chronic cytotoxicity of selected concentrations of dendrimer G1-PEG and dendrimer G1-NH2 
in CHO cells. 
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rejection and water permeability data with EDC and CMPI; Figure B.5 Changes in R-WT rejection and 
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CHAPTER 4 
 anofiltration/reverse osmosis membranes fabricated by interfacial 
polymerization of amine-terminated aramide dendrimers with 
trimesoyl chloride 
Abstract. Novel nanofiltration/reverse osmosis (NF/RO) membranes were prepared with active layers 
synthesized by interfacial polymerization (IP) of amine-terminated aramide dendrimers with trimesoyl 
chloride (TMC) on top of a support of asymmetric polyether sulfone (PES).  N-Methyl-2-pyrrolidone 
(NMP) and isopropanol were used as co-solvents to aid the dendrimer solubility in the aqueous phase 
required for the IP.  The impact that dendrimer monomers and the two co-solvents had in membrane 
permeation performance was studied.  Permeation experiments revealed that the rejection of both 
Rhodamine-WT (R-WT) and NaCl, used as respective organic contaminant and background electrolyte 
surrogates, by the dendrimeric membranes fabricated with isopropanol was higher than that of a 
commercial RO (SW30-HR) membrane, while the water flux was comparable to the commercial RO 
membrane.  Rejection tests for dendrimeric membranes fabricated with NMP show a different behavior 
from the membranes fabricated with isopropanol; the rejection of both R-WT and NaCl, and the water 
flux for the dendrimeric membranes was in between those for commercial RO and NF membranes.  
Scanning electron microscopy, contact angle, and Rutherford backscattering spectrometry were employed 
to characterize the novel dendrimeric membranes.  Characterization results revealed that the structure, 
thickness, and pore distribution of the dendrimeric membranes were different from the commercial 
membranes. Dendrimeric membrane active layer thicknesses were on the 40-50 nm range, thinner than 
commercial polyamide membranes. Concentration and pKa values for the free carboxylic groups on the 
dendrimeric membranes were higher than for commercial polyamide membrane.  Correlations between 
the characterization and the performance data have been determined.  
Key Words: Aramide dendrimer, co-solvent, fully aromatic polyamide, nanofiltration membrane, 
Rutherford backscattering spectrometry, RBS, reverse osmosis membrane. 
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4.1. Background.   
Since Cadotte created the first aromatic polyamide thin film composite (TFC) membrane1 for water 
filtration, nanofiltration (NF) and reverse osmosis (RO) processes using TFC membranes have 
incrementally improved through the past decades and become best available technologies in desalination, 
and pollutant removal applications.2  Though a variety of new techniques have been developed3-7 and 
chemical compositions used8,9 for preparation of TFC membranes, interfacial polymerization of 
polyamide (PA) is still the most common approach to produce the topmost thin layer and active barrier of 
commercial NF and RO membranes. The polyamide active layer is formed by polycondensation of an 
amine, m-phenylenediamine (MPD), and an acid chloride monomer, trimesoyl chloride (TMC) at the 
interface of two immiscible solvents. 
Membrane transport performance is affected by intrinsic properties of the thin active layer such as film 
thickness, roughness, degree of polymer cross-linking, hydrophilicity, surface charge, and pore size 
distribution.  All these properties are influenced by the membrane preparation conditions and can be tuned 
during the IP process by factors such as altering the monomers’ structure and concentration10-14, adding 
diffusion aids to the organic and/or aqueous phase15,16, modifying the support structure17, and post-treating 
the membrane.18,19  Among all of these factors, the monomer chemical structure is the one that has been 
proven to have the most pronounced impact on membrane performance.20 
Although in the last four decades, significant improvements have been achieved in the area of NF and RO 
membrane technologies21, the interest in designing PA membranes with improved performance remains. 
The trend for the next generation of membranes in water treatment is to create films that are tailored for 
specific solute performance and energy requirements.  A considerable interest has appeared in recent 
years to fabricate membranes with new polymeric materials12,22 in order to be able to tune membrane 
properties. 
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In our previous research we have successfully used aramide dendrimers to modify a commercial NF 
membrane with fully aromatic PA active layer to enhance their performance.23,24  Dendrimers have gained 
much attention in the last decade because of their chemistry and size versatility, and their highly branched 
structured, and have started to be used in the area of membrane filtration.25,26  Lianchao et al. developed 
NF membranes (product water flux of 68.2 L/m2/h and NaCl rejection of 78%) by IP of commercially 
available poly(amido-amine) (PAMAM) dendrimers with phenolphthalein using a poly(ether ether 
ketone) ultrafiltration membrane as support layer.26  
The objectives of this study were to develop new NF/RO membranes with active layers prepared by IP 
reaction of amine-terminated first and second generation aramide dendrimers (G1-NH2, G2-NH2) with 
TMC, and to investigate their performance and physicochemical properties.  Several co-solvents were 
examined as aids for dissolving dendrimers G1-NH2 and G2-NH2 into an aqueous phase.  Comparative 
studies of the resulting membrane surface charges, pore size distribution, surface hydrophilicity, surface 
morphology, and separation performance were performed. 
4.2. Materials and Methods 
Dendritic aramide molecules.  First and second generation amine-terminated aramide dendrimers (G1-
NH2 and G2-NH2) with molar masses of 376 g/mol and 492 g/mol, respectively, were synthesized 
following a divergent approach previously reported by Ueda et al27 and used in our previous studies.23,24  
Structure and purity of dendrimers G1-NH2 and G2-NH2 were characterized by 
1H NMR, 13C NMR, and 
ESI mass-spectrometry. 
Materials for membrane synthesis.  Polyamide layers were formed by IP on top of a polyethersulfone 
(PES) ultrafiltration (UF) membrane model HFK-328 (Koch Membrane Systems, Wilmington, MA) with 
molecular weight cut-off of 900-2,300 Da.  The polyamide layers were formed by reaction of TMC 
(1,3,5-benzenetricarbonyl trichloride, 98%, Sigma-Aldrich) in hexane (≥97%, Sigma-Aldrich) and an 
aqueous dendrimer solution containing dendrimer G1-NH2, dendrimer G2-NH2, or a mixture of both 
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dendrimers.  Due to the lack of dendrimer solubility in water, a co-solvent was used to aid the dendrimer 
water solubility.  Five solvents were investigated as suitable co-solvents for dendrimer dissolution (all 
from Sigma-Aldrich): isopropyl alcohol (≥99.7%), N-N-dimethyl-formamide (DMF) (≥99.8%), acetone 
(99.9%), dimethyl sulfoxide (DMSO) (99.7%), and N-methyl-2-pyrrolidone (NMP) (99+%).  PES 
coupons with surface area of 40 cm2 were placed in a Millipore Model 8050 solvent-resistant stirred cell 
(Millipore Co., Bedford, MA) and soaked in 0.15% wt TMC solution in hexane for 120 s.  The cell was 
then opened and the hexane onto the membrane surface was allowed to evaporate inside a fume hood for 
approximately 4 s without drying while the rest of the support remained soaked in the TMC/hexane 
solution. Next, the top part of the support was then soaked in an aqueous/co-solvent solution of 
dendrimers for 240 s to form a dendrimer polyamide active layer by IP.  The membrane was air dried to 
remove the excess of water and solvents on the surface.  To avoid the presence of free amine groups on 
the active layer surface, the membrane was again soaked in a 0.15% wt solution of TMC in hexane for 
120 s.  The membrane was finally heat cured at 90°C for 120 s and rinsed thoroughly with nanopure 
water.  Samples were stored in nanopure water in the dark until analyzed or used in permeation 
permeations. 
Commercial membranes.  Commercially available TFC-S NF (Koch Membrane Systems Inc., 
Wilmington, MA) and SW30-HR RO (DOW Chemical Company, Midland, MI) membranes, both with 
fully aromatic polyamide active layer, were used as references for membrane permeation experiments. 
Experimental set up for rejection experiments.  Permeation experiments with target solutes were 
performed in a dead-end membrane filtration reactor (model 8050, Millipore Co., Bedford, MA).  The 
permeate flow rates were measured gravimetrically with an analytical balance (BP211S, Sartorius Co., 
Edgewood, NY) connected to a computer.  Experiments were performed at room temperature (20-22 °C) 
under magnetic stirring. 
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Target contaminants and ions.  Three solutes were chosen because of their small but different sizes.  
Rhodamine-WT (R-WT) (35%-w/v aqueous solution, Turner Designs, Sunnyvale, CA) with molar mass 
of 487 g/mol was used as a surrogate for small organic contaminants, NaCl (99.5%, Sigma-Aldrich) was 
chosen as a surrogate for background electrolytes, and As(III) in the form of arsenous acid (H3AsO3) was 
selected as a representative for small neutral inorganic contaminants.  The arsenous acid solution was 
prepared by dissolving NaAsO2 (99% pure, Sigma-Aldrich) in nanopure water.  R-WT was measured 
with a spectrofluorometer Model RF-5301 PC (Shimadzu Scientific Instruments, Inc., Columbia, MD).  
NaCl was analyzed as chloride with an ion chromatograph Dionex Model IC S-2000 equipped with a 
Dionex ion Pac As 18 column, and using 36 mM KOH eluent, 1 mL/min eluent flow rate, and 25-µL 
injection loop (Thermo Scientific, Sunnyvale, CA).  H3AsO3 was analyzed by a colorimetric method
28 
using a UV/vis spectrophotometer Model UV-2401PC (Shimadzu Scientific Instruments, Inc.).   
Permeation experiments.  Permeation experiments were performed at several hydraulic pressures within 
the range of 0.02 to 0.48 MPa.  Single-solute aqueous solutions containing 2.5 mg/L R-WT, 400 mg/L 
NaCl,  and 5 mg/ L H3AsO3 were fed into the amicon stirred cell reactor.  HCl was used to adjust the pH 
to 6.75±0.25 for the R-WT, and NaCl solutions, and to 6.0 for the As (III) solution.  
Membrane active layer characterization with RBS.  The concentration of free carboxylic groups in the 
PA were measured by Rutherford Backscattering Spectrometry (RBS) at various pH values within the 
range of 4.0 to 10.3 using Ba2+ as ion probe to neutralize deprotonated carboxylic groups; free amine 
groups were measured at pH 3.04 using WO4
2- as ion probe to neutralize protonated amine groups.29,30  
Ion probe solutions.  Aqueous solutions of barium nitrate (Ba(NO3)2, 99% Aldrich) and sodium tungstate 
dihydrate (Na2WO4
,2H20, 99.0% Aldrich) in nanopure water were prepared at concentrations of 10
-3 and 
10-6 M as previously reported.30,31  HNO3 and NaOH were used to adjust the pH to target values.   
Solutes transport model.  Results obtained from permeation experiments with R-WT, NaCl and As(III) 
solutions were analyzed with a modified version of the diffusion-solution model that accounts for 
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advective transport through active layer imperfections.32  Further model information can be found 
elsewhere.23 
Surface characterization with scanning electron microscopy (SEM).  SEM micrographs of 
synthesized membranes were obtained with a Hitachi Model S-4800 high resolution microscope (Hitachi 
High Technology America, Inc., Pleasanton, CA) at an accelerating voltage of 15 kV.  Membrane 
samples were sputter-coated with a uniform layer of 10 nm gold to avoid charging effects prior to 
scanning. 
Membrane contact angle.  Contact angle of the commercial TFC-S NF membrane and dendrimeric 
membranes were measured with a Goniometer Model CAM200 (KSV Instruments, Ltd., Monroe, CT).  
The goniometer was kept at a floating table to minimize error measurements.  An automated 100 µL 
pipette dispenser was used to produce the water drops.  A piece of membrane material of approximately 5 
mm2 was placed horizontally below the pipette tip.  Water drops were brought in contact with the 
membrane surface.  A high speed camera recorded the drop shape on top of the membrane surface every 
100 ms during the first 2 seconds.  Curve fitting image analysis was performed to determine the contact 
angle measurements.  For every type of membrane, at least 10 replicate membrane pieces were tested. 
4.3. Results and discussion 
Fabrication of G1-H2 dendrimeric membranes by interfacial polymerization.  Commercially 
available polyamide membranes are fabricated by IP of an acyl chloride dissolved in an organic phase, 
such as hexane or isopar g33 and an amine compound dissolved in water.  At the interface of both 
solutions, each of the two reactants diffuses across the liquid-liquid interface and reacts with each other to 
form a polymeric structure.  The IP process for dendrimeric membranes fabricated with dendrimer G1-
NH2 and G2-NH2 as the amine functional monomer required alterations compared to the IP process used 
for commercially available PA membranes.  Dendrimer G1-NH2 was not water soluble at pH above 1.3, 
and the pure solvents that could dissolve G1-NH2 damaged the PES support or altered negatively its 
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structure.  Therefore, solvents found to be able to dissolve the dendrimer G1-NH2 were used as co-
solvents to aid its solubility in water at levels that would not result in PES damage.  
Dendrimer G1-NH2 was soluble in isopropanol, acetonitrile, NMP, DMSO, and DMF.  The last three 
solvents are used as casting solvents for PES membranes, and therefore at high concentrations they 
degrade the PES support.34  Thus, the ratio NMP/water, DMSO/water, DMF/water was maintained at 
12% v/v for the IP process.  This co-solvent concentration was tested and chosen because it was the 
highest level that did not affect the water flux through the PES support, without limiting the mass of 
dissolved dendrimers on the aqueous phase.  When DMF and acetonitrile were used as co-solvents, the 
thin active layer formed had low stability, and though initially R-WT rejection and water flux were 
initially comparable to commercial membranes, soon the film delaminated from the PES support and R-
WT rejection and water flux approached those of the PES support; therefore, DMF and acetonitrile were 
not further studied as dendrimer co-solvents for membrane fabrication.  Though PES membranes are not 
vulnerable to isopropanol, isopropanol was also used as a co-solvent instead of as the main solvent for the 
IP procedure to avoid possible formation and incorporation of ester groups into the polyamide network as 
a result of the isopropanol reacting with TMC. 
A large excess of MPD over TMC is usually used in the IP process of commercial membranes with the 
goal of increasing the diffusion of the amine reactant through the organic phase.  In the case of the 
dendrimeric membranes, the concentration of dendrimers in the aqueous phase is limited by the amount of 
dendrimer that can be dissolved in the co-solvents.  Though this limitation varied with each co-solvent, it 
was found that on average a maximum of 2 mg of G1-NH2 could be dissolved in 1 ml of co-solvent in 
order to avoid subsequent dendrimer precipitation during dilution with water.  Therefore, the final 
dendrimer concentration used in the aqueous/co-solvent phase was 0.22% wt., a value significantly lower 
than the typical concentration of MPD used for commercial PA membranes.15,16,35  Though lower 
concentrations of dendrimers were used compared to common MPD concentrations, it has been 
previously proven that PA membranes can still be formed using lower MPD concentrations.12 
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Another major difference of the dendrimeric IP process is that in the commercial membranes the 
polysulfone (PSf) support is first immersed in the aqueous phase containing the diamine monomer, but in 
our case the support was immersed in the organic phase containing TMC instead.  We found that the 
dendrimer G1-NH2 had a high adsorption affinity to common membrane supports (PSf and PES were 
tested) that inhibited the diffusion of dendrimers to the reaction zone at the aqueous/co-solvent and the 
organic phase interface.  This diffusion impediment prevented the formation of an active layer on top of 
the support.  Therefore, in this study, the support was first soaked with the hexane solution containing 
TMC for 120s, the hexane then quickly evaporated from the PES surface, and immediately the dendrimer 
aqueous solution was put in contact with the PES top layer. In the commercial IP case, much care must be 
put into removing water bubbles from the surface of the support before adding the organic phase19,36,37, 
and the formation of defects and pinholes in the membrane must be avoided by, for example, dipping the 
membrane support in nanopure water for 12 h prior to the IP19, or by adding sodium dodecyl sulfate 
(SDS) to improve MPD adsorption in the microporous support.20  These problems were not an issue in the 
case of the IP process used for the dendrimeric membranes because the hexane evaporated quickly from 
the PES surface and it wetted the PES pores more effectively than water, helping prevent the  formation 
of membrane defects.  It should be noted that longer IP times were used in the dendrimeric IP reaction 
compared to the commercial polyamide IP process, since conventional IP formed the initial stage of the 
active layer in the first 30 s.12  However, in the dendrimer IP case, the larger dendrimer molar mass and 
therefore slower diffusion, required longer reaction times of 240 s. 
It is believed that in IP the reaction takes place in the organic phase due to the better partition coefficient 
of MPD into the organic phase compared to that of the acyl chloride into the aqueous phase.38  The 
structure of the active layer is therefore affected by the solubility, diffusion, and reactivity of both 
reactants.  In the case of the dendrimeric membranes, it was found that the lack of dendrimer solubility 
also was extended to hexane and other organic solvents such as Isopar G and toluene.  Partition 
coefficients between dendrimer aqueous solutions with NMP and isopropanol as co-solvents were 
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measured with UV spectrometry and the dendrimer partition coefficient to the organic phases was found 
to be higher for hexane than Isopar G, but smaller than for MPD (data not shown).  The lower partition of 
G1-NH2 in the organic phase implied that the active layer formation took place closer to the interface 
between the organic and the aqueous/co-solvent phases, and accordingly the thickness of the dendrimeric 
membranes should be lower compared to that of commercial membranes consistent with experimental 
findings in this study discussed subsequently. 
By inverting the solvent order in the IP procedure, the upper top most layer of the dendrimeric 
membranes could have a high concentration of free amines as a result of incomplete cross-linking 
between G1-NH2 and TMC.  In order to make a closer comparison between the dendrimeric hand casted 
membranes and commercial PA membranes (most of them have a density of free carboxylic groups on the 
surface higher than that of amine groups), the final step on the IP process consisted of dipping the 
membrane in a 0.15% wt. TMC solution in hexane to convert non-cross-linked dendrimeric amines into 
carboxylic groups. 
Physicochemical properties of G1-H2 membranes.  RBS analyses revealed that the thickness of the 
dendrimeric membrane active layers were 40 to 50 nm, which is significantly thinner than those of 80 and 
230 nm reported for commercial PA membranes.39  SEM micrographs in Figure 4.1 compare the surface 
morphology of a commercial TFC-S NF membrane to those of G1-NH2 dendrimeric membranes prepared 
using NMP, isopropanol, and acetonitrile as co-solvents.  The differences between the surface 
morphology of the commercial membrane versus the dendrimeric membranes is not striking, since 
morphologies have been shown to differ when co-solvents and different reactants are used.16,35  Similarly 
to the work reported by Wang et al.20 it seems that more functional amine groups on the monomer 
compared to MPD (such as the aramide drendrimers) produced active layers with smaller and more 
packed globular surface features and lower roughness compared to the ridge-and-valley structure of 
commercial PA membranes.  At first glance, it seems that there is no major differences between the 
physicochemical structure of the G1-NH2 membranes with NMP and isopropanol co-solvents, but 
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acetonitrile as co-solvent resulted in a less developed polyamide film, which probably is the cause of the 
lack of stability of the active layer produced in preliminary tests where acetonitrile was used as co-
solvent. 
 
 
Figure 4.1. SEM micrographs of the surface morphologies of a a) commercial TFC-S membrane and a 
G1-NH2 dendrimeric membrane prepared with b) acetonitrile as co-solvent, c) isopropanol as co-solvents, 
and d) NMP as co-solvent. 
Contact angles of G1-NH2 membranes with NMP and isopropanol co-solvents were measured and 
compared to those of commercial PA TFC-S.  Although there is a clear morphology difference between 
the dendrimeric and the commercial PA membranes, as depicted in Figure C.1, the contact angles of the 
(a) (b) 
(c) (d) 
(a) 
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three membranes were found to be similar (see Figure C.1 in Appendix C), with the membrane made with 
NMP being slightly more hydrophobic than the other two membranes.  
The lower diffusivity of the dendrimer compared to that of MPD in the organic phase and the lower 
concentration used for the dendrimer in the aqueous phase compared to that commonly used for MPD 
resulted in a lower concentration of amines in the reaction zone, and thus in the formation of a thinner and 
smoother active layer with a lower degree of cross-linking.  The active layer functionalities of a TFC-S 
NF membrane, and G1-NH2 membrane samples prepared with NMP and isopropanol as co-solvents were 
analyzed by RBS following previously developed methodology.23,29-31,39  The composition of the active 
layers was found to be C0.47H0.37O0.12N0.04 for the dendrimeric membrane fabricated with isopropanol and 
C0.5H0.36O0.1N0.04 for the membrane fabricated with NMP.  These compositions were very similar to those 
of commercial PA membranes,29 with somewhat lower atomic percentage of nitrogen, and higher atomic 
content of oxygen probably caused by the higher amine functionality of the dendrimer monomer 
compared to MPD, which allows for more reaction sites for TMC, and by the final fabrication step where 
the membrane is soaked in TMC.   
Membrane functional groups were quantified by RBS using Ba+2 as the heavy ion probe neutralizing 
deprotonated carboxylic groups, and WO4
-2 neutralizing protonated amines.  Although Ag+ has been more 
commonly used as heavy ion probe in past studies to quantify carboxylic groups31, it was found that a 
small amount of dendrimers (amine terminated) absorbed inside the PES support during the IP process 
produced a quantification artifact as a result of Ag+ complexing with free amines.31  The use of Ba+2 
avoided the artifact, and although Ba+2 could not quantify the total amount of carboxylic groups due to its 
larger size compared to that of Ag+,30 it was used to compare carboxylic group pKa values, percentage of 
aggregate pores, and surface charge density for the membranes investigated in this study. 
Experimental results obtained with Ba+2 as a function of pH are shown in Figure 4.2 for a blank TFC-S 
NF membrane (red triangle symbols), and G1-NH2 membranes fabricated with NMP (green circle 
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symbols) and isopropanol (blue square symbols) as co-solvents.  Experiments were performed at pH 
levels between 4 and 10.3.  As depicted in Figure 4.2, the dendrimeric membranes possessed a higher 
density of free carboxylic groups compared to the blank TFC-S membrane.  Two pKa values were needed 
to represent the titration curves for the TFC-S and dendrimeric membranes, which is in agreement with 
what has been observed for other PA membranes.21  Having two pKa values is consistent with the 
previously observed bimodal pore size distribution of network and aggregate pores on PA membranes.23,40  
The size of the membrane nanopores affects the pore’s dielectric constant, and as a consequence, the pKa 
of carboxylic groups in smaller pores tends to be higher.  Though it was not possible to detect visible 
differences by SEM in the physicochemical properties of G1-NH2 active layers using NMP or 
isopropanol, as depicted in Figure 4.2 the pKa values for the G1-NH2 membrane prepared with 
isopropanol (pKa,1=5.80±0.20 and pKa,2= 8.80±0.09) were somewhat higher than those for the G1-NH2 
membrane fabricated with NMP (pKa,1= 5.50±0.10 and pKa,2= 8.60±0.10), as well as those for the TFC-S 
NF membrane (pKa1=4.70±0.20 and pKa2= 7.70±0.03).  Higher pKa values correspond to smaller pores 
and therefore lower water fluxes.  If so, the water flux for the various membranes tested would follow the 
decreasing rank TFC-S blank > G1-NH2 membrane with NMP > G1-NH2 membrane with isopropanol.  
Quantification of the fractions of carboxylic groups located in aggregate pores (w1) and in network pores 
(w2) can also be used to predict membrane performance behavior.  G1-NH2 membrane prepared with 
NMP had pore fractions (only those measured by Ba2+) of w1=0.54±0.04 and w2=0.46±0.04, compared to 
w1=0.24±0.03 and w2=0.76±0.03 for the G1-NH2 membrane with isopropanol, and w1=0.53±0.06 and 
w2=0.47±0.06 for the TFC-S NF membrane.  These results indicate that based on measurements with 
Ba2+, the TFC-S NF membrane has the highest percentage of aggregate pores (larger pores), followed by 
G1-NH2 membrane made with NMP, and then the G1-NH2 membrane with isopropanol. 
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Figure 4.2.  Experimental data (symbols) and simulated data (lines) of the effect of pH on the 
concentration of deprotonated carboxylic groups [R-COO-] (measured using Ba+2 as ion probe) in the 
polyamide active layer of  TFC-S NF membranes (red triangle symbols), and G1-NH2 membranes 
fabricated with NMP as co-solvent (green circle symbols) or isopropanol as co-solvent (blue square 
symbols).  
The concentration of protonated amines found on the PA active layer by RBS analyses using WO4
2- at 
pH=3.1 was 
,R-NH

=0.042±0.005 M for the TFC-S NF membrane, 
,R-NH

=0.025±0.004 M for the 
G1-NH2 membrane with NMP, and ,R-NH

=0.024±0.002 M for the G1-NH2 membrane with 
isopropanol.  The relatively low concentration of amines on the active layer of the dendrimeric 
membranes indicated that the final IP step of dipping the free amine-rich dendrimer membrane in TMC to 
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convert the non-reacted free amines into carboxylic groups was partially effective.  R-COO- and every R-
NH3
+ groups found in the active layer corresponds to lack of formation of an amide link, and thus the 
higher concentration of carboxylic groups on both dendrimeric membranes corresponded to a lower 
degree of polymer cross-linking (DPC) compared to that of the TFC-S NF membrane, and to the final 
reaction step of converting free amines in carboxylic groups by dipping the membrane in TMC.  The DPC 
was calculated as previously reported31 by dividing the amount of amide links in the membrane by the 
potential amide links on the membrane.  The resulting DPC for the dendrimeric membranes (DPC=89% 
for G1-NH2 membrane with isopropanol, DPC=86% for G1-NH2 membrane with NMP) was slightly 
lower than that for the commercial TFC-S (DPC=95%)29.  However, some of the deprotonated carboxylic 
groups located in small pores might not be accessible to Ba2+, thus the DPC of the dendrimeric 
membranes is expected to be lower than the above reported values.  Error bars in Figure 4.2 show that 
though there is some inherent variability, overall the membrane fabrication process is reproducible. 
Permeation experiments.  Solute permeation results obtained for experiments performed with 
dendrimeric membranes prepared with 2 mg of G1-NH2 dendrimers using NMP and isopropanol as co-
solvents are compared to results obtained with TFC-S NF and SW30-HR RO membranes in Figures 4.3 
(R-WT), 4.4 (NaCl), and 4.5 (H3AsO3).  The corresponding water permeation data for all experiments are 
shown in Figure C.2 of the Appendix C.  Each set of water and solute permeation data in Figures 4.3-4.5 
were fitted with solution-diffusion transport32 expressions as described in a previous study.23  The 
resulting fitting parameters are listed in Table 4.1 in terms of the water permeation coefficient AD [m/d], 
solute permeation coefficients B [m/d], and the fraction α [-] of the total product water flux corresponding 
to advection through membrane imperfections.  Because the rate of mixing inside the permeation cells 
was the same as in our previous studies23,24 the mass transfer parameters used for the concentration 
polarization of R-WT, NaCl and H3AsO3 were the same values used previously (kR-WT = 1.0 m/d, kNaCl = 
2.8 m/d, and kH3AsO3 = 2.2 m/d).  Results in Figure 4.3 indicate that the R-WT permeation performance 
observed with the dendrimeric membranes was closer to that with the SW30-HR RO membrane than to 
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that with the TFC-S NF membrane.  Dendrimeric membrane synthesized with isopropanol provided a 
rejection of R-WT that was one order of magnitude higher compared to those for the membranes 
fabricated with NMP and the SW30-HR RO membrane.  The water flux observed for the dendrimeric 
membranes prepared with isopropanol was similar to that obtained for the SW30-HR RO membrane but 
lower than those for the NMP dendrimeric and TFC-S NF membranes.  The advective parameters (α) in 
Table 4.1 show that dendrimeric membranes have lower advection through imperfections than 
commercial membranes, which could be a consequence of choosing a much tighter support, PES, than 
PSf. 
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Figure 4.3. Experimental (symbols) and modeled (line) solute rejection for RW-T comparisons for 
commercial polyamide NF membrane (TFC-S), a polyamide RO membrane (SW30-HR), a polyether 
sulfone support (PES), and 2 dendrimeric membranes hand made with first generation of aramide 
dendrimer G1-NH2 using two different dendrimer co-solvents (NMP and isopropanol). Parameters for the 
modeled data can be found in Table 4.1. 
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Table 4.1. Water, Rhodamine WT (R-WT), sodium chloride (NaCl), and arsenous acid (H3AsO3) 
permeation coefficients.a  
Membrane AD (m/MPa/d) Solute B (m/d) α 
PES (support) 
TFC-S (NF) 
SW-30 (RO) 
2 mg G1-NH2 NMP co-solvent 
2 mg G1-NH2 isopropanol co-solvent 
 
13.07±0.8 
1.51±0.03 
0.14±0.002 
0.23±0.006 
0.12±0.005 
 
R-WT 
R-WT 
R-WT 
R-WT 
R-WT 
0.006±0.004 
0.0046±0.0007 
0.0003±0.0002 
0.0004±0.0001 
2.10-5±1.10-5 
 
0.1±0.02 
0.003±0.001 
0.003±0.001 
0.001±0.001 
0.001±0.001 
 
PES (support) 
TFC-S (NF) 
SW30-HR (RO) 
2 mg G1-NH2 NMP co-solvent 
2 mg G1-NH2 isopropanol co-solvent 
 
12.1±0.1 
1.42±0.06 
0.14±0.003 
0.23±0.006 
0.14±0.004 
 
NaCl 
NaCl 
NaCl 
NaCl 
NaCl 
7±1 
0.15±0.05 
0.003±0.006 
0.030±0.002 
0.0020±0.0004 
0.1±0.02b 
0.003±0.001b 
0.003±0.001b 
0.001±0.001b 
0.001±0.00 b 
 
TFC-S (NF) 
SW-30 (RO) 
2 mg G1-NH2 isopropanol co-solvent 
 
1.61±0.04 
0.21±0.01 
0.15±0.003 
 
H3AsO3 
H3AsO3 
H3AsO3 
1.36±0.7 
0.013±0.002 
0.04±0.003 
0.003±0.001b 
0.003±0.001b 
0.001±0.001b 
 
a Obtained at operation conditions of 21±2 °C, pH 6.75±0.25 for R-WT and NaCl and 
pH 6.0±0.1 for  H3AsO3, and single solute feed concentration of 2.5 mg/L (R-WT), 400 
mg/L (NaCl), or 5mg/L (H3AsO3).  
b The fraction α of the total product water flux passing through membrane imperfections 
for NaCl and As(III) could not be resolved accurately due to the advection term 
contribution to overall permeation being much lower than the diffusion term 
contribution. Therefore, the fraction α was assumed to be the same as that determined 
from fitting the R-WT data. 
 
Results in Figure 4.3 and Table 4.1 are generally consistent with RBS data in Figure 4.2.  It is expected 
that a membrane with lower pKa values (larger pores) and higher percentage of aggregate pores would 
have higher water fluxes and lower solute rejection.  Figure 4.4, similarly to Figure 4.3, shows that the 
performance of the dendrimeric membranes for NaCl rejection is also superior to the TFC-S NF 
membrane; also it shows that the NaCl permeability parameter for isopropanol dendrimeric membranes is 
lower than that for the SW30-HR RO membrane.  Though titration data was not determined in this study 
for the SW30-HR RO membrane, the pKa values could be similar to those previously reported for other 
FT30 RO membranes (pKa,1=5.39±0.23 and pKa,2= 9.03±0.08).
29  Comparing these values with those for 
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the dendrimeric membrane prepared with isopropanol (pKa,1=5.8±0.2 and pKa,2= 8.80±0.09), it seems that 
the dendrimeric membrane has smaller aggregate pores but larger network pores, compared to the SW30-
HR RO membrane.  Assuming that R-WT diffuses mainly through aggregate pores, and that NaCl 
permeates through both types of pores23, then we could postulate that the pKa values are in agreement 
with the rejection data.  The differences in pore size distributions resulted in the R-WT permeation 
parameter for the dendrimeric membrane prepared with isopropanol being 10 times lower than that for the 
SW30-HR RO membrane, while the NaCl permeation parameter for the dendrimeric membrane being less 
than half that for the SW30-HR RO membrane. 
Though a higher concentration of carboxylic groups in membranes should intensify the repulsion between 
the membrane and the negatively charged ions, resulting in higher NaCl rejection, at the experimental pH 
of 6.75±0.25 reported in Figure 4.2, the concentrations of deprotonated carboxylic groups measured by 
RBS using Ba+2 for the TFC-S NF membrane (CR-COOH=0.22 M), and G1-NH2 dendrimeric membranes 
prepared with isopropanol (CR-COOH=0.23 M) and NMP (CR-COOH=0.38 M) reveal that the Donnan 
exclusion experienced by ions should be similar for the TFC-S NF membrane and for the isopropanol 
dendrimeric membranes.  Since the NaCl rejection is one order of magnitude higher for the G1-NH2 
membranes with isopropanol as co-solvent compared to that for the TFC-S NF membrane, the overall 
data infers that in case of the dendrimeric membranes prepared with isopropanol the main cause for the 
high NaCl rejection is a certain combination of slower diffusion and lower sorption in smaller pores.  This 
distinction cannot be easily made when comparing the performance of dendrimeric membranes prepared 
with NMP and that of the TFC-S NF membrane considering that the dendrimeric membranes have both 
smaller pore sizes and higher charge density than TFC-S blanks, therefore it is hard to distinguish the 
reason for its higher NaCl selectivity, but the higher NaCl rejection observed with the dendrimeric 
membranes prepared with isopropanol compared to that for membranes prepared the NMP also points in 
the direction that a combination of slower diffusion due to steric exclusion, and lower sorption in smaller 
pores might be the main cause for the NaCl rejection. 
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Figure 4.4. Experimental (symbols) and modeled (line) solute rejection for NaCl comparisons for 
commercial polyamide NF membrane (TFC-S), a polyamide RO membrane (SW30-HR), a polyether 
sulfone support (PES), and 2 dendrimeric membranes hand made with first generation of aramide 
dendrimer G1-NH2 using two different dendrimer co-solvents (NMP and isopropanol). Parameters for the 
modeled data can be found in Table 4.1. 
 
Despite the fact that the higher concentration of carboxylic groups in the dendrimeric membranes may not 
have had much impact on NaCl rejection, it could have been one of the causes for the dendrimeric 
membranes lower water fluxes.  Water molecules form hydrogen bonds with both amides and free 
carboxylic groups and pass through the membrane matrix from one hydrogen bonding site to another and 
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the passage of a solute that does not form hydrogen bonding with the membrane is resisted; since 
carboxylic groups can form more stable and stronger hydrogen bonds with water than amides, it has been 
observed that an increase in the amount of free carboxylic groups on the active layer correlated with 
lower water fluxes.15,20,41,42  The lower water flux for the dendrimeric membranes could in part be 
attributed to the higher concentration of total carboxylic groups which could act as a diffusion demurral.  
Also the polymer degree of cross-linking and the membrane pore structure have an impact on membrane 
water flux.  In our case, as mentioned previously, there is an artifact on the DPC calculation by using Ba2+ 
as the ion probe for RBS analyses, and thus the differences in performance between TFC-S NF and the 
dendrimeric membranes could involve other un-elucidated factors.  
Arsenous acid rejection data shown in Figure 4.5 could not be simply explained by the occurrence of 
physical interactions such as solute diffusion through different pore sizes.  Arsenous acid diameter (0.35 
nm)43 is very similar to the hydrated diameters of Cl- (0.30 nm), Na+ (0.30 nm), and water (0.25nm).44  
The data reported in Figure 4.2, Figure 4.4 and Table 4.1 point out to dendrimeric membranes prepared 
with isopropanol having smaller aggregate and larger network pores compared to those of the SW30-HR 
RO membrane.  The NaCl permeation parameter is only slightly lower for the dendrimeric membranes 
than that for the SW30-HR RO membrane.  Moreover, advection through imperfections is also lower for 
the dendrimeric membranes.  Therefore, we believe that the highest As(III) rejection achieved with the 
SW30-HR RO membrane could not be only explained by its smaller network pores, but it must also be 
caused by chemical interactions between arsenous acid molecules and chemical groups in the active layer 
of the SW30-HR RO membrane.  RBS composition studies of SW30-HR RO, TFC-S NF and G1-NH2 
dendrimeric membranes are not conclusive enough to detect differences that would support why the 
SW30-HR RO membrane could have such a specific selectivity for As(III).  However, RBS analyses 
revealed that the SW30-HR RO membrane has a thin layer with composition consistent with that of PVA 
on top of its polyamide active layer, and so it would be important to assess if the relatively high rejection 
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of As(III) is associated with the presence of such layer.  Further research needs to be done to understand 
the As(III)/membrane interactions. 
 
Figure 4.5. Experimental (symbols) and modeled (line) solute rejection for H3AsO3 comparisons for 
commercial polyamide NF membrane (TFC-S), a polyamide RO membrane (SW30-HR), a polyether 
sulfone support (PES), and 2 dendrimeric membranes hand made with first generation of aramide 
dendrimer G1-NH2 using two different dendrimer co-solvents (NMP and isopropanol). Parameters for the 
modeled data can be found in Table 4.1. 
 
Fabrication of membranes with different dendrimers and different dendrimer amounts.  The 
membranes reported above were the most successful synthesized membranes in terms of performance. 
Nevertheless, other types of membranes were fabricated and tested incorporating a second generation of 
the aramide dendrimer (G2-NH2), a mixture of dendrimers G2-NH2 and G1-NH2, and smaller amounts of 
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dendrimer G1-NH2, 0.11% wt. in aqueous phase (1 mg G1-NH2) as opposed to the 0.22% wt. (2 mg G1-
NH2) used for the membranes discussed in Figures 4.1-5.  Overall it was found that the solubility of 
dendrimer G2-NH2 in water using NMP and isopropanol as co-solvents was lower than that of dendrimer 
G1-NH2, and precipitation was observed by SEM in membranes fabricated with G2-NH2 (see Figure C.3 
in Appendix C).  Membranes fabricated with lower G1-NH2 concentration (0.11% wt in aqueous phase) 
appeared to have incompletely formed active layers with approximately an average thickness of 10 to 20 
nm measured with RBS.  SEM micrographs in Figure C.3 revealed that the PES support was covered with 
what appeared to be patches of PA.  Figure C.4 shows the RBS spectra of membranes fabricated with G2-
NH2 and with 0.11% wt. G1-NH2 concentrations; in all the cases, the error bars appear to be larger than 
the ones obtained for the membranes reported in Figure 4.2.  The greater error is likely a consequence of 
the lower reproducibility in the fabrication of these membranes.  It could also be observed in Figure C.4 
that all these dendrimeric membranes have higher concentration of carboxylic groups (as measure by 
Ba2+) which correspond to a lower DPC.   
Solute permeation data corresponding to membranes prepared with 1 mg of G1-NH2 dendrimers using 
NMP and isopropanol as a co-solvents, a mixture of 1 mg G1-NH2/1 mg G2-NH2 dendrimers using NMP 
as a co-solvent, and 2 mg of G2-NH2 dendrimers using NMP as a co-solvent are shown in Figures C.3 (R-
WT) and C4 (NaCl) in Appendix C.  The corresponding water permeation data for all experiments are 
shown in Figure C.2 of Appendix C.  As done for the previously discussed experiments, each set of water 
and solute permeation data in Figures C.5 and C.6 were fitted with solution-diffusion transport 
expressions.  The resulting fitting parameters are listed in Table 4.1 in terms of the water permeation 
coefficient AD [m/d], solute permeation coefficients B [m/d], and the fraction α [-] of the total product 
water flux corresponding to advection through membrane imperfections.  R-WT and NaCl rejection tests 
in Figure C.5 and C.6, corroborate the lower rejection performance of these membranes, closer to 
commercial NF performance than RO.   
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Overall, a range of novel RO/NF membranes have been successfully prepared by IP reactions of aramide 
dendrimers with TMC on top of a PES support.  Different membrane properties were obtained by 
changing the dendrimer concentration and co-solvent used to aid their dissolution in water.  The 
fabricated membranes were characterized with SEM, contact angle measurements and RBS; the 
parameters obtained from the characterization were successfully correlated to membrane solute rejection 
and water flux performance.  
Research has proven that altering the solubility, diffusivity, reactivity of the reactants and the 
polymerization conditions in the IP procedure will result in variation in the active layer morphology, 
affecting the membrane performance.45  Additives in both organic and aqueous phase are commonly used 
to enhance monomer reactivity or to promote monomer mass transfer.46,47,48,49  For the case of the 
dendrimeric membranes developed in this study no additives were used, with the exception of the co-
solvents.  Therefore we believe that the combination of new co-solvents with new dendrimers and new 
additives offers a myriad of promising prospects for having a higher control on membrane morphology 
and performance.  
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CHAPTER 5 
Effect of cations on the binding strength and dissociation of 
carboxylate groups on the active layer of polyamide membranes for 
direct quantification of negative charges on the active layer 
Abstract. Pore size distribution and membrane charges play a crucial role in membrane performance. In 
this study we explore the interactions of 5 different cations (Ag+, Cs+, Ba2+, Ca2+, Y3+) with membrane 
carboxylate groups and the impact that these interactions can have when cations are used as heavy ion 
probes to quantify membrane key parameters indirectly. Cation concentration curves on a polyamide 
membrane are measured by Rutheford backscattering spectrometry and X-ray photoelectron spectroscopy 
in the pH range 4-10.3. The different ranges in cation sizes and charges selected allow determining the 
dominant role of hydrated cation radii versus the ionic cation radii in the carboxylate neutralization 
phenomena. The empirical evidence strongly supports stronger binding interactions for Y3+ and Ca2+ to 
the carboxylate groups than that for Cs+, Ag+, and Ba2+. Results are in contradiction with the assumption 
that cations with larger ionic radii will have weaker binding strengths. Variation in binding strengths 
between cations and carboxylate groups correlate with carboxylic group dissociation ability. Strongly 
binding cations displace titration curves towards lower pHs, altering the fitting parameter obtained by 
RBS quantification and simulation. 
Key words: Carboxylic groups, complexation, ionic interaction, polyamide, quantification negative 
groups, Rutheford backscattering spectrometry (RBS), titration. 
5.1. Background 
Membrane base separation play an important role in many application, including desalination, water and 
wastewater treatment, food industry and many others.1-5  Membrane properties such as membrane 
thickness, membrane functional groups, and membrane roughness impact the membrane performance.6-8  
Polymeric membranes often poses surface with charged functional groups, these charges have the 
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potential to impact the membrane solute rejection.9  Most common available reverse osmosis (RO) and 
nanofiltration (NF) membranes have an ultrathin polyamide (PA) active layer of ~50-200 nm casted on 
top of a polysulfone (PSU) support.10   Due to the polyamide active layer fabrication process, the layer 
inherently possesses carboxylic and amine functional groups.11,12  These functional groups, depending on 
the feed solution pH can deprotonate and protonate respectively generating according negative and 
positive charges. 
Membrane charges play an important role in ion removal; Donnan exclusion, or charge exclusion, is 
directly proportional to the density of charges in the active layer.13  Membrane charges also play an 
important role during fouling, since many foulants and microorganisms poses surface charges and can 
ionically interact with the membrane surface.14  Also, recently membrane charges have been used as 
anchor points for membrane modification techniques.15,16 
Due to the importance that charges have on the membrane performance, many methods have been 
developed to quantify them.17-19  Recently, indirect methods to measure carboxylic groups have been 
developed, consisting on titrating negatively charged carboxylic groups on the active layer with cations, 
followed by a measuring those cations.11,12,20,21   Not only the concentration of carboxylic groups can be 
obtained from these titration methodologies, but other relevant membrane parameters such as the 
membrane pKas, the degree of polymer cross-linking, and the amine concentration on the PA
 11,12,20; 
parameter that ultimately affect the reject performance.  
A very comprehensive study have been previously done in our group characterizing the above mentioned 
membrane parameters by using Rutherford backscattering spectrometry (RBS) combined with heavy ion 
tagging. 11,12,20  Heavy cations Ag+ and Ba2+ have been used to tag carboxylic group in polyamide active 
layers with the aim of determining the environments surrounding of those carboxylic groups (location in 
aggregate and network pores, separation between carboxylic groups and concentration of carboxylic 
groups).  Experimental data obtained from RBS and ion tagging had been fitted to a model that considers 
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the ionic interactions between the selected cations and the carboxylate groups and the acid/base behavior 
of the carboxilate groups.  Parameters from such model had been later used to predict membrane 
performance for arsenic (III) and potassium iodide.22  
The goal of this study is to further investigate the specific interactions of cations with carboxylic groups 
on the membrane, to report on specific cases where ionic binding and pore accessibility  between cations 
and carboxylate groups is not enough to explain experimental observations, and to stress that when using 
direct quantification of carboxylic groups, different cations could provide different results, therefore 
comparisons between different experimental conditions must be done with care. 
5.2. Materials and Methods 
Commercial membranes.  The commercially available TFC-S NF membrane (Koch Membrane Systems 
Inc., Wilmington, MA) was used as reference for a fully aromatic polyamide membrane with no polyvinyl 
alcohol (PVA) coating for cation titration experiments.  A polyethersulfone (PES) ultrafiltration(UF) 
membrane model HFK-328 (Koch Membrane Systems,Wilmington, MA), a polyamide SW30-HR (DOW 
Chemical Company, Midland, MI ) and a NTR-7450 (Nitto Denko, Shimohozumi, Japan) were used to 
disprove yttrium precipitation on the membrane, and yttrium complexation with carboxylate groups.  
Membranes were cut in coupons of 1in2.  
Membrane active layer characterization with RBS.  The concentration of free carboxylic groups were 
measured at a pH range from 4.0 to 10.3 using a range of different heavy ion probes with different radius 
and charges (Ag+, Cs+, Ba2+, Ca2+, and Y3+).  Rutherford Backscattering Spectrometry (RBS) was used as 
the instrumental technique to quantify the concentration of the cations neutralizing the carboxylic groups 
and the amine groups in the bulk PA.11,12 
Membrane active layer characterization with X-ray photoelectron spectroscopy (XPS).  The 
concentration of carboxylate groups on the upper layer of the polyamide layer were measured between 
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pHs 4 and 10.3 using 3 different ion probes (Ag+, Ca2+, and Y3+).  Samples for XPS analyses were 
prepared in the same manner as samples for RBS.  XPS analyses were performed with a Kratos AXIS 
Ultra photoelectron spectrometer (Kratos Analytical, England) employing a Mg KαX-ray source (1,253.6 
eV) with high voltage and emission current of 15kV and 7mA, respectively, and a 90o take-off angle. 
Furhter information about the apparatus and the analyses description can be found elsewhere.23 
Ion probe solutions.   All ionic solutions were prepared in nanopure water.  Solutions of barium nitrate 
(Ba(NO3)2, 99% Aldrich Chemicals, Sigma-Aldrich, St Louis, MO), calcium nitrate tetrahydrate 
(Ca(NO3)2
.4H20, 99.0% Aldrich), and cesium chloride (CsCl, 99.9% Aldrich), were prepared at 
concentrations of 10-3 and 10-6 M as previously reported.12,20  Solutions of silver nitrate (AgNO3, 99%, 
Sigma-Aldrich) were prepared at different concentrations (in a range of 2.10-4 to 10-6 M) depending on the 
pH to avoid AgOH precipitation.12  Yttrium chloride and yttrium nitrate tetrahydrate solutions (YCl3, 
99.99%, and Y(NO3)3
.4H20, 99.99%, both from Aldrich ) were prepare at concentrations of 3
.10-6 M at pH 
between 4.0 and 8.0; higher pHs could not be tested because at such concentrations, solutions become 
saturated with Y(OH)3.
24  To avoid yttrium carbonates precipitation in the aqueous solution, the water was 
bubbled with nitrogen 3 hours prior to the start and during each experiment.  HNO3 and NaOH were used 
to adjust the pH for the solutions containing Ag+ , Ca2+, and Y3+; for the case of Cs+ and Ba2+, both NaOH 
and CsOH or BaOH respectively were used to study ion exchange between Na+/Cs+ and Na+/Ba2+.   
Ion exchange Ag
+
/Y
3+
 and Y
3+
/Ag
+
.  Ion exchange experiments between Ag+ and Y3+ were performed at 
the pH range 4.0-7.9 to study the displacement of Ag+ by Y3+ and the displacement of Y3+ by Ag+ from 
the free carboxylic groups in the polyamide active layer of the TFC-S membrane coupons.  For each 
sample study at each pH, the pH of the Ag+ solution was the same as the Y3+ solution.  Ion exchange 
protocol was similar to the one previously described20,25 , with the slight difference of maintaining the 
solutions carbonate free by bubbling nitrogen into them, and keeping the Y3+ concentration in the 
solutions always at 3.10-6 M. 
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Surface characterization with scanning electron microscopy (SEM).  SEM micrographs of 
synthesized membranes were obtained with a Hitachi S-4800 high resolution microscope at an 
accelerating voltage of 15 kV.  Membrane samples were sputter-coated with and uniform layer of 10 nm 
gold to avoid charging effects prior to scanning.  SEM was used to ensure the lack of yttrium carbonates 
precipitation on the membrane surfaces.  
Cation desorption from membrane.  To investigate the type and strength of the bond between the 
cations above mentioned, and the membrane, disodium ethylenediaminetetraacetic acid was used as 
chelating agent (EDTA, >95%, Fisher Scientific) in concentrations ranging from 10-6M to 10-3M. Acetone 
(99%, Aldrich) was used in concentrations of 10-3 and 10-6 M (same concentration as the cations in 
solution) to disrupt possible hydrogen bonding between hydrated cations and the membrane amide 
groups. 
aCl rejection experiments with Y
3+
 3
.
10
-6
 M in solution.  NaCl rejection experiments were performed 
in a dead-end membrane filtration apparatus (model 8050, Millipore Co., Bedford, MA). Permeate flow 
rates were monitored gravimetrically with an analytical balance (BP211S, Sartorius Co., Edgewood, NY) 
connected to a computer.  Experiments were performed at room temperature (20-22 °C) under magnetic 
stirring.  NaCl (99.5% pure, Sigma-Aldrich) was chosen as the solute because of its small size.  A 
concentration of 400 mg/L of NaCl was used in permeation experiments.  HCl and NaOH were used to 
adjust the pH to 6.75±0.25.  The performance of each membrane was measured at varying hydraulic 
pressures within the range of 0.07-0.41 MPa.  NaCl was analyzed as chloride by ion chromatography 
(Dionex IC S-2000 with a Dionex ion Pac As 18 column, 36 mM KOH eluent, 1 mL/min eluent flow rate, 
and 25-µL injection loop).  Blank samples were tested with only NaCl.  A concentration of 3.10-6M YCl3 
was added to a second set of NaCl permeation samples.  The nanopure water used for the rejection 
experiments with YCl3 was bubbled with nitrogen 3 hours prior to the experiment; a gas nitrogen cylinder 
tank pressured the feed solution through the membrane. 
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5.3. Results 
Ionic vs. hydrate cation radius neutralizing carboxylate groups.  Titration curves of TFC-S membrane 
samples treated with AgNO3, Ba(NO3)2, Ca(NO3)2, CsCl, and YCl3, at various pHs are compared in 
Figure 5.1.  This figure shows the concentration of Ag+ (orange triangles), Cs+ (yellow rhomboids), Ba2+ 
(green stars), Ca2+ (blue squares), and Y3+ (red circles) in the pH range 4.0 to 10.3 neutralizing 
carboxylate groups on the PA active layer.  We assume that the neutralization of carboxylic groups with 
any of the 5 cations used is not diffusion limited, and that the 1 hour experimental reaction time is enough 
to allow complete saturation of the free carboxylic groups.  
Consistent with previously reported data12,20, the increase of the cation’s concentrations with rising pH 
agrees with the increase of deprotonated carboxylic groups at higher pHs.  The experimental data in 
Figure 5.1 was fitted to a previously reported acid/base equilibrium model12 for free carboxylic groups 
that takes into account the presence of carboxylates in different size’s membrane pores.  Indirect ways of 
measuring the PA pore sizes, such as molecular dynamic simulations and positron annihilation lifetime 
spectroscopic analyses, have reported that PA active layers are inhomogeneous layers of cross-linked 
polyamide aggregates26 with bimodal size distributions of network and aggregate pores.27  Network pores 
diameter range from 2 to 3.5 Å aggregate pores from 5 to 8 Å.26,28  The shape of the modeled solid lines 
for all the cations studies in Figure 5.1 is in agreement with the existence of two pKa values among the 
carboxylic groups and corresponds to the neutralization of carboxylic groups located in network and 
aggregate pores (with the exception of Y3+ where experiments could not be performed above pH 8).  The 
dielectric constant of membrane pores decreases with pore sizes29, and therefore, the smaller the pore, the 
smaller the dielectric constant, and the higher the carboxylic pKa. 
In regard to the dominant radius of the ion probes neutralizing the carboxylic groups, it have been 
previously assumed, that the ionic radius was the relevant radius for neutralization of carboxylic groups in 
PA active layers.12,20  The premise of this assumption was based on membrane carboxylate titration curves 
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with 2 cations with different charges and sizes, Ag+ and Ba2+; from these curves  it was found that the 
accessibility of Ba2+ to network pores in the membrane was hindered by steric exclusion.20  Both ionic 
and hydrated radius for Ag+ (0.75-1.0 Å and 1.25-2.32 Å)30,31 are smaller than Ba2+ (1.05-1.48 Å and 2.5-
2.82 Å) 30,31, thus it is not possible to conclude from these values which radius, the ionic or the hydrated, 
is the relevant for carboxylate neutralization and the main cause for Ba2+ accessibility impediments.  The 
study of new carboxylate titration curves could throw some light into which radius dominates 
neutralization, hydrated or ionic species.  Ca2+ with an 0.7-1.12 Å ionic radius30,31 and a hydrated radius 
2.46-3 Å30,31 is a convenient cation for such comparison since Ca2+ ionic radius is smaller than Ag+ ionic 
radius, and  Ca2+ hydrated radius is larger than Ba2+ hydrated radius.  Experimental data in Figure 5.1 
shows that the concentration of Ca2+ and Ba2+ at high pH is very similar; therefore, the total concentration 
of carboxylic groups neutralized by each cation is the same. Considering that Ca2+ ionic radius is smaller 
than Ag+ ionic radius, if the ionic radius was the dominant feature in the carboxylic group neutralization, 
the concentration of Ca2+ at pH ~10 should be not lower than half of the concentration of Ag+ (as a 
divalent cation Ca2+ could neutralize 2 carboxylic groups while Ag+ can only neutralize one, hence 
theoretically if the carboxylate groups were closed to each other double the amount of Ag+ than Ca2+ 
would be required to neutralize all the carboxylate groups).  The similar concentration of Ca2+ at high pH 
to Ba2+ points out that when cations neutralized the carboxylate groups in the membrane, they do it on its 
hydrated form.  Similarly, for the case of Cs+, ionic and hydrated Cs+ radius have been reported to varied 
from 1.76 to 1.91 Å for the ionic radius, and 3.06 to 3.25 Å for the hydrated radius.31,32  Cs+ concentration 
in Figure 5.1 at high pHs show that the concentration of Cs+ needed to neutralize carboxylic groups is 
slightly higher than for Ca2+ and for Ba2+.  Though the hydrated Cs+ radius is larger than Ca2+ and Ba2+, as 
a monovalent ion Cs+ can only neutralize carboxylate groups in a 1 to 1 ratio, while Ca2+ and Ba2+ can do 
it in a 2 to 1 ratio; therefore, it is reasonable that the concentration of both divalent cations at high pHs in 
the active layer is lower than the more bulkier Cs+. 
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Figure 5.1. Concentration of carboxylate (R-COO-) functional groups as a function of pH in the 
polyamide (PA) active layer of TFC-S NF membrane measured with RBS. Ag+ (orange triangles), Cs+ 
(yellow rhomboids), Ba2+ (green stars), Ca2+ (blue squares), and Y3+ (red circles), are the different cations 
selected because of their different sizes and charges, to neutralize carboxylate groups. Error bars indicate 
standard deviation of triplicate samples.  
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 pKa shift on the deprotonation of carboxylate groups and different coordination behaviors.  The 
lower pH range of the titration curve displays a curios behavior for the Y3+ and the Ca2+ cations.  The 
titration curve between pH 4 and 8 corresponds to those carboxylate groups located in aggregate pores, 
accessible to all the cations used, and therefore the titration curve should resemble that of Ag+, as such is 
the case of Cs+ and Ba2+. If cation interaction with the carboxylate groups on the membrane were purely 
ionic, hydrated polyvalent cations larger than Ag+ such as Y3+ and Ca2+ (Y3+ has an ionic radius of 1.02-
1.6 Å and a hydrated radius of 2.36 Å)30,31 would be expected to be present at the same or lower 
concentrations compared to Ag+ because higher surface charge densities cations have the tendency to 
possess a much stronger hydration shell and a behavior as a hydrated entity, reducing ionic interactions 
with carboxylic groups.  Initially the higher concentration of Yttrium on the membrane was suspected to 
be caused by an artifact on the experimental conditions.  Yttrium carbonate Y2(CO3)3 have a solubility 
constant of Ksp=1
.10-31, and though all the nanopure water used for yttrium experiments was bubbled with 
nitrogen 3 hours prior and during the neutralization experiments, it could have been possible that yttrium 
carbonates were still formed.  Yttrium membrane samples were scanned by SEM to search for 
precipitates, but no sign of precipitation was found.  Also, polysulfone coupons were immersed with 
polyamide membrane coupons while performing yttrium tagging experiments to look for signs of yttrium 
on the polysulfone samples by RBS. The fact that no yttrium was found on polysulfone supports, and the 
fact that the amount of yttrium peaks on the membrane quantify by RBS corresponded exactly with the 
thickness of the active layer and no yttrium was found past the active layer, was a prove that the 
phenomenom observed of higher yttrium concentrations on the membrane was not caused by 
precipitation.  
Other several approaches were tested to try to justify the high concentration of yttrium on the membrane.  
Interactions between Y3+ and free amine groups present on the active layer were soon discarded, because 
in our previous work Y3+ was used to tag carboxylate groups on dendrimeric membranes modified with 
amine terminated derndrimers15 and no increase of yttrium concentrations on the membrane were found 
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with increasing amount of amine terminated dendrimers.  Also the possibility of hydrogen bonding 
formation between calcium and yttrium hydrates with amide groups on the polyamide membrane was 
ruled out as a plausible explanation for the yttrium and calcium discrepancies.  The hydrogen in amide 
groups form strong bonding with carbonyl groups33; the addition of a carbonyl group to the system at the 
same concentration as our targeted cations would cause a competition for hydrogen bonding formation 
with the amides in the active layer.  Since we did not wanted to add any more charges to the system, the 
selected carbonyl group was a ketone, acetone specifically.  Data for Ca2+ and Y3+ concentration on the 
active layer with and without acetone can be found in Figure D.1 in the Appendix D.  The concentration 
of acetone was the same as the concentration of YCl3 and CaCl2 used for each experiment.  Data in Figure 
D.1 shows how acetone has no effect on the Ca2+ and Y3+ concentrations, and therefore their higher 
concentrations found on the active layer compared to Ag+, Cs+, and Ba2+ was not an effect of hydrogen 
bonding formation between hydrated cations and the membrane. Hydrogen bonding interactions where 
also studied with FTIR. Though IR spectrometry has been successfully used to quantify and characterize 
bonding between carboxylic groups and cations, no differences were observed for 3 membranes 
neutralized with Y3+, Ca2+, and Ag+. The low concentration of free carboxylic groups in our matrix 
compared to amide groups made it impossible to differentiate in the FTIR spectrum free carboxylic 
groups from the rest of carbonyl groups. 
After testing all these possibilities for an yttrium concentration miscalculation, we concluded that the 
experimental data obtained were the result of different interactions between the carboxylate groups and 
the cations.  Until now, quantification of carboxylic groups with the active layer has been purely 
described as a simple ionic interactions based on ion charges and ion sizes.12,20  The Ca2+ and the Y3+ data 
observed in Figure 5.1 seem to point out that the model previously used can only be accurately used for 
certain cations.  Five different types of metal ligand coordination are commonly described in the literature 
for polyvalent cations: the carboxylate group can act as an uncoordinated anion or form monodentate, 
bidentate and bridging mono and bidentate complexes, see Figure 5.2.   
It has been widely reported in the literature that ce
while other only interact ionically.  For example, different coordinations have been observed between 
specifc cations and octanoic acid carboxylate groups; Ba
Cu
2+
 had bidentate chelating and bidentate bridging interactions, and Ni
coordination.
34
  Although alkaline earth cation
weaker binding affinity to the carboxylate group (R
suggested to form covalent interactions with carboxylate groups.
have been postulated to be caused by matching ionic size and hydration shell.
indicated that the Ca
2+
 carboxylate interactions could form 2:1 bridging ionic complex with palmitic acid, 
depending on the cation concentration and the closeness to equilibrium.  Likewise, it is also not 
unattainable to find a larger concentration of Y on t
rare earths tend to form bridged complexes with carboxylate groups.
benzoates, three predominant binding modes are observed: the bidentate complex and the bridging 
bidentate and tridentate complex. The bidentate bridging environment has been found to be the most 
prevalent for yttrium and benzoate complexes.
Ba, and Cs can explain the almost double concentration of Y an
Figure 5.2. Most common metal
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 Moreover, a shift on the pKa1 value can be also perceived in Figure 5.1 for Ca and Y compared to Ag, Ba, 
and Cs.  The pKa1 values obtained from fitting the experimental data in Figure 5.1 to the carboxylic group 
acid/base model considering bimodal pore size distribution of pores in the active layer were 5.3±0.7 for 
Ag+, 5.3±0.4 for Ba2+, 5.2±0.2 for Cs+, 4.9±0.2 for Ca2+, and 4.8±0.2 for Y3+.  Stronger binding affinity 
for carboxylic groups could lead to protons displacement and could correspond with a greater inducement 
for deprotonation. Therefore, we believe that Y3+ and Ca2+ could deprotonate carboxylic groups at lower 
pHs than the other cations here studied.   Researchers have reported a greater degree of induced 
deprotonation of carboxylic groups by Ca2+ compared to Mg2+ and to Na+.35,39  A very similar behavior 
was also observed for the case of Na+ and K+, where K+ exhibits stronger binding affinity to carboxylate 
groups hence shifting the titration curve to lower pHs.40  Bala et al.41 comprehensively studied the binding 
strength of carboxylic groups in arachidic acid thin films with divalent cations and found that the strength 
varied considerable depending on the divalent metal ion employed to neutralize the carboxylate group. 
Their results show that cations bonded to the carboxylate groups in a selective manner with the following 
the binding strength tendency Ca+2> Ni+2> Co+2> Pb+2> Fe+2 >Cd+2.41  The case of yttrium has been 
limitedly reported in the literature; Williams et al.42 determined the binding differences between Ca2+ and 
Y3+ to acidic glycoprotein by measuring their ability to displace the titration curve of the carboxyl groups 
to a lower pH.  YCl3 and CaCl2 were used for their acidic glycoprotein titration experiments. It was found 
that the titration curve was displaced to lower pH for Y3+ solutions compared to Ca2+ solutions when 
[Y3+]>0.0025[Ca2+].  Similarly in our experiments, the concentration of Y3+ used in the neutralization 
experiments is 3 orders of magnitude lower than for the other cations (except for Ag+ at high pHs), and 
Y3+ is nevertheless the cation found on the membrane at higher concentrations. 
All these experiments are in contradiction with the assumption that cations with larger ionic radii will 
have weaker binding strengths and therefore hydrate radius may not be the main factor to determine 
binding strength.43,44   The 3D bonding structure could have an impact in the binding strengths. Bala et 
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al.41 studied the different binding configurations for a diacetate system with Fe, Ca, Cs and Pb and found 
that the orbital structures and the LUMO-HOMO energy gaps resulted on different metal diacetate 
binding structures with corresponding different bonding lengths and different binding energies. 
XPS cation titration.  Polyamide active layers tend to have a higher density of carboxylic groups on the 
top most part of the layer as a result of monomer diffusion on the interfacial polymerization fabrication 
procedure.45  If the assumption that Ca2+ and Y3+ charges interact strongly with carboxylic groups, 
inducing shifts in the deprotonation of carboxylate groups and forming strong coordination interactions, 
this effect should be more noticed on the surface of the active layer. To explore this hypothesis, we 
analyzed membrane samples with XPS to quantify the membrane surface composition. Data in Figure 5.3 
shows the XPS titration curves for Ca2+, Y3+ and Ag+ neutralizing carboxylate groups on the TFC-S active 
layer. Results in Figure 5.3 are comparable to results in Figure 5.1.  XPS data also shows a higher 
concentration of Ca2+ and Y3+ on the active layer between pHs 4 to 8 compared to Ag+, and a shift on the 
pKa1 value similar to those observed with RBS (the pKa values from the RBS data where used to fit the 
XPS model, modeled lines are in agreement with experimental data). The concentration of the three 
cations Ca2+, Y3+ and Ag+ is slightly higher for the XPS figure than for the RBS figure, which is 
consistent with the knowledge that the density of carboxylic groups on the upper layer of the polyamide 
can be higher than the density of carboxylic groups on the bulk polyamide measured by RBS.23 , 45 
Further measurements were taken to ensure that the Y3+ was exclusively interacting with membrane 
carboxylate groups.  Comparisons between Y3+ and Ag+ were performed with a SW30 HR membrane 
with smaller pores than the TFC-S membrane here described, to check if the concentration of Y3+ on the 
active layer was lower than Ag+ due to accessibility impediments to carboxylic groups.  Also and NTR-
7450 NF membrane  with a sulfonated polyethersulfone active layer was also tested because of its lack of 
carboxylic groups on the active layer.  Results from these two membranes, point out that there is a clear 
interaction between Y3+ and functional carboxylic groups.  Data for SW30-HR and NTR-7450 can be 
found in Figure D.2 in the Appendix D.  
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Figure 5.3. Concentration of carboxylate (R-COO-) functional groups as a function of pH in the 
polyamide (PA) active layer of TFC-S NF membrane measured with XPS. Ag+ (orange triangles), Ca2+ 
(blue squares), and Y3+ (red circles). Error bars indicate standard deviation of triplicate samples.  
Ion exchange stoichiometry between Y
3+
 and Ag
+
.  Ion exchange stoichiometries have been previously 
studied for polyamide active layers to quantify the neutralization stoichiometry and the accessibility of 
Ba2+ to carboxlylic groups locate on aggregate and network pores.11,20,25  Ion exchange experiments for 
the case of Ag+ displacement by Y3+ and Y3+ displacement by Ag+ were performed to further interact the 
stoichiometric interaction of these two different cations on the membrane.  Data for both IX experiments 
can be found in Figure 5.4.  The upper values of the gray bars on Figure 5.4a display the total 
concentration on Ag+ on the active layer of the membrane prior to IX with Y3+, and the lower values of 
the gray bars on Figure 5.4a refer to the concentration of Ag+ left on the active layer after the IX with Y3+, 
therefore the total length of each gray bar is the amount of Ag+ displaced by Y3+ after IX experiment at a 
given pH. Red symbols on Figure 5.4a are the concentration of Y3+ that complexed to carboxylic groups 
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after the IX. Similarly to what was observed in Figure 5.1 and 3, the concentration of Y3+ on the active 
layer reached values higher than the Ag+ for all the pH except when the pH is high enough to deprotonate 
carboxylic groups in smaller pores not accessible to Y3+ (pH 7.9).  The carboxylic groups located in 
aggregated pores (which deprotonate between the values of the pKa1 and pKa2) are accessible to small and 
larger cations; since the data in Figure 5.4 a shows that the concentration of Ag+ in the membrane after IX 
is not zero, we believed that the small amounts of Ag+ found in the membrane not exchanged with Y+3 are 
the results of Ag+ complexation with free amines.  In Figure 5.4b, similarly to Figure 5.4a, the upper 
value on the red bars refers to the concentration of Y3+ before IX with Ag+, the lower value of the red bars 
indicates the concentration of Y3+ left on the active layer after the IX with Ag+, hence the total length of 
each red bar is the amount of Y3+ displaced by Ag+ after IX experiment at a given pH; gray symbols on 
Figure 5.4b are the concentration of Ag+ that neutralized carboxylic groups after the IX. It can be 
observed again in this figure, that the initial concentration of Y is higher than Ag at lower pH and then the 
values reverse. Also it can be noticed, that though Y3+ may interact more strongly with the carboxylic 
groups compared to Ag+, still Ag+ is able to displace a certain amount of Y3+, but not able to displace it 
all.  A very interesting phenomena has been detected when comparing Ag+ concentrations in Figure 5.4a 
versus Figure 5.4 b, as a reminder the upper values on the gray bars on Figure 5.4a are the Ag+ 
concentration before any IX with Y is performed, and the gray symbols on Figure 5.4b are Ag+ 
concentration found on the active layer after Ag was used to displaced Y3+. In theory, for a given pH, both 
of these values should be the same assuming that silver can displaced all Y3+, or the gray symbols in 
Figure 5.4b should be smaller than the upper values of the gray bars in Figure 5.4 a if not all the Y3+  was 
displaced.  Opposite to what was theoretically expected the Ag+ concentrations in Figure 5.4b are higher 
than the bar upper values on Figure 5.4a. Since YCl3 was used in the IX experiments, we were concerned 
that the higher Ag+ concentration observed in Figure 5.4b was a result of Ag+ precipitation with Cl- 
counter-ion, though the concentration of this counter-ion on the membrane should be very low (~3.10-6M) 
after immersing the membrane samples in the YCl3 solution. To ensure that AgCl precipitation was not 
occurring, 2 samples were performed with Y(NO3)3 instead of YCl3. Those two samples are the values for 
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pH 7.9 in Figure 5.4a and the values for pH=7.4 in Figure 5.4b. Both of the samples tested with Y(NO3)3 
do not show significant difference in the cations behavior tendencies, thus we conclude that the observed 
propensity of obtaining higher Ag+ concentrations in the membrane after exposing the membrane to Y3+ is 
not a result of precipitation. Other possible explanations for the increased in Ag+ concentrations are the 
possibility that when Y3+ interacts with the membrane it modifies the polymer structure, opening the 
pores and making carboxylic groups that were not accessible before more accessible, or the possibility 
that though Ag+ is supposed to interact ionically 1:1 with carboxylate groups, the presence of Y3+ could 
change those interactions. 
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Figure 5.4.Ion stoichimetry for TFC-S membrane samples immersed into Ag solution followed by ion 
exchange with an Y solution (a), and TFC-S membrane samples immersed into Y solution followed by 
ion exchange with an Ag solution (b). Error bars indicate standard deviation of triplicate samples. (a) 
upper values of  gray bars display the total concentration on Ag+ on the active layer of the membrane 
prior to IX with Y3+,  lower values of the gray bars refer to the concentration of Ag+ left on the active 
layer after the IX with Y3+; total length of each gray bar is the amount of Ag+ displaced by Y3+ after IX 
experiment at a given pH; red symbols refer to the concentration of Y3+ that complexed to carboxylic 
groups after the IX. (b) upper values of red bars display the total concentration on Y3+ on the active layer 
of the membrane prior to IX with Ag+, lower values of the red bars refer to the concentration of Y3+ left 
on the active layer after the IX with Ag+; total length of each red bar is the amount of Y3+ displaced by 
Ag+ after IX experiment at a given pH; gray symbols refer to the concentration of Ab+ neutralizing 
carboxylic groups after the IX. 
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aCl rejection experiments with Y
3+
 10
-6
 M in solution.  NaCl permeation experiments were 
performed with the TFC-S membrane in the absence and presence of YCl3 at a concentration of 3
.10-6 M. 
NaCl rejection data at different water fluxes can be found in Figure D.3 in the Appendix D. Though there 
is a minimal increase on the membrane water flux when Y3+ is present, the NaCl rejection values are 
identical; therefore based on the permeation experiments, it seems like Y3+ have no effects on the 
membrane pore configuration. 
The above results indicate that when quantifying carboxylic groups indirectly on polyamide membranes, 
thought must be put into selecting the right cation, and when comparing results where different cations 
have been used. The assumption that cations interact ionically with the membrane and that those 
interactions are only dictated by the cation size and charge needs to be revisited for each different cation. 
Although quantification of membrane negative groups by ion tagging has proven to be a very accurate 
and versatile technique, modeled fitting parameter such as membrane pKa values, may not reflect the 
authentic values, but a result of specific interactions between the ions and the membrane. 
5.4. Supporting Information Available 
Figure D.1. Concentration of Ca2+ and Y3+ on the TFC-S polyamide active layer in the presence and the 
absence of acetone, Figure D.2. Concentration of Y3+ and Ag+ on SW30-HR and NTR-7450 membranes, 
Figure D.3. Experimental data for TFC-S NaCl solute rejection. This information is available free of 
charge via the Internet at http://pubs.acs.org, and in Appendix D.1. 
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CHAPTER 6 
Conclusions 
Aramide dendrimers were explored as potential building blocks to modify commercial membrane active 
layers and to fabricate novel thin film active layers. Membranes modified and synthesized in this 
dissertation were characterized by numerous methods such as XPS, RBS, AFM, SEM, and rejection 
performance tests. A procedure to fabricate dendrimeric membranes by interfacial polymerization and a 
procedure to attach covalently amine terminated dendrimers to free carboxylic groups on the active layer 
of commercial membranes were successfully developed and optimized. 
This dissertation focused mainly on the following topics: 
• The modification of nanofiltration membranes with aramide dendrimers to enhance 
membrane performance, especially of small organic molecules. 
• The development of a methodology to exploit inherent membrane carboxylic groups to attach 
amine terminated dendrimers with the aim of enhancing membrane performance. 
• The fabrication of purely dendrimeric active layers by interfacial polymerization with 
trimesoyl chloride to produce membranes with better or comparable performance to those 
commercially available. 
• The exploration of the interactions that different cations have with carboxylic groups located 
in the active layer depending on the cation/membrane binding strength.  
Major outcome of this dissertation are: 
1. A new set of materials suitable for membrane processes have been tested for the first time. 
Aramide dendrimers have proven to be excellent building blocks for the fabrication and 
modification of thin film active layers. Other dendrimers such as the commercial 
polyamidoamine (PAMAM) dendrimers, and tridendrimers with benzene cores were also 
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tested and compared to the aramide dendrimers. The membranes containing aramide 
dendrimers had overall a better performance. 
2. Three generations of aramide dendrimers with polyethylene glycol chains (G1, G2, and G3) 
were used to modify the fully aromatic active layer of a commercial NF membrane.  
Rhodamine-WT, BaCl2, NaCl, and arsenous acid rejection tests revealed that small loadings 
of dendrimers G2 and G3 (0.7 to 3.5 µg dendrimer/cm2 of membrane, dendrimer layer 
thicknesses of ~1-6 nm) were able to improve membrane rejection barely affecting the 
membrane water flux. In the case of Rhodamine WT the rejection improvement was one to 
two orders of magnitude. Moreover, it was possible to selectively target the dendrimer 
loading to create membranes with high organics and electrolytes rejection, or membranes 
with high organics rejection but lower electrolytes rejection. Such membrane could be 
beneficial in cases where current RO membranes could not be selected because they reject 
background electrolytes and the corresponding increase in feed osmotic pressure results in 
undesirable higher energy requirements. 
3. Membranes modified with 3.5 µg/cm2 of dendrimer G2 and G3were characterized by 
Rutherford backscattering spectrometry (RBS) with the aid of heavy ion probes (Ag+ and 
Ba2+). RBS data revealed that accessibility of the larger Ba2+ probe to carboxylate groups on 
the active layer decreased for the membranes modified with dendrimers compared to that of 
the blank TFC-S membrane. The results indicate that the lower diffusive permeation of Ba2+ 
resulted from the occurrence of more pronounced steric hindrance in the dendrimeric 
membranes than in the blank.  Ba2+ diffusion experiments are in agreement with the 
pronounced drop in diffusive permeation observed for Rhodamine-WT when dendrimers are 
presents, supporting that steric hindrance in larger molecules is consistent with G2 and G3 
constricting aggregate pores. Because water and the smaller solutes investigated (H3AsO3, 
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BaCl2 and NaCl) were able to permeate through network pores, which dendrimers were not 
able to constrict, there was lower impact on their overall permeation.   
4. The hydrophobic interactions between the membrane and the aramide dendrimers were not 
strong enough to stabilize the dendrimers on the active layer surface, and within time, the 
dendrimers broke through the membrane, and the enhancement produced in membrane 
performance was lost.  
5. A methodology to attach the first generation of amine terminated aramide dendrimers (G1-
NH2) covalently to the polyamide (PA) active layer of a commercially-available 
nanofiltration (NF) membrane was developed.  Amide bonds between G1-NH2 and PA free 
carboxylic groups were formed by activation of the carboxylic groups with 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) or 2-chloro-1-methylpyridinium iodide (CMPI), 
followed by aminolysis.  Dendrimer attachment was assessed by indirectly measuring the 
concentration of carboxylic groups and amine groups before and after membrane 
modification with RBS using yttrium and tungstate ions (Y+3 and WO4
2-) as ion probes.  
Different bonding efficiency was observed with each of the coupling reagents, while EDC 
was more favorable attaching the dendrimers, more attachment points to the active layer per 
dendrimer were obtained with CMPI. Permeation experiments with Rhodamine WT revealed 
that the water and solutes permeability decreased after modification with dendrimer G1-NH2.  
Water permeability of G1-NH2 modified membrane decreased by 16-19 % using EDC and by 
17-33 % using CMPI.  The permeability of the electrolyte BaCl2 decreased by 54 % after G1-
NH2 modification using EDC/s-NHS and only by 20 % using CMPI, the latter consistent with 
a weaker Donnan exclusion effect.  The permeability of the larger solute R-WT decreased by 
82 % in modified G1-NH2 membranes when using EDC/s-NHS, and 64 % for crosslinking 
reagent CMPI.  Thus, the use of EDC/s-NHS was more favorable because it resulted in higher 
gains in solute rejection with lower losses in water permeability.   
108 
 
6. To address the potential health impact that dendrimers could have if they were to leak from 
the membrane surface into the water, their cytotoxic effects in mammalian cells were studied. 
The LC50 for dendrimer G1 (the smallest of them and therefore the most cytotoxic) was in the 
cytotoxicity range of common disinfection by products formed in treatment plants and found 
in their water effluent.  
7. The first dendrimeric active layer synthesized with amine terminated dendrimer G1 and 
trimesoyl chloride by interfacial polymerization on top of a support of asymmetric polyether 
sulfone (PES) was fabricated. The commercial interfacial polymerization procedure was 
modified in order to polymerize the dendrimeric layer due to the lack of solubility of 
dendrimer G1 in water and its high adsorption affinity to the membrane support. N-Methyl-2-
pyrrolidone (NMP) and isopropanol were used as co-solvents to aid the dendrimer solubility 
in the aqueous phase required for the IP.   
8. Permeation experiments revealed that the rejection of both Rhodamine-WT (R-WT) and 
NaCl by the dendrimeric membranes fabricated with isopropanol was higher than that of a 
commercial RO (SW30-HR) membrane, while the water flux was comparable to the 
commercial RO membrane.  Rejection tests for dendrimeric membranes fabricated with NMP 
show a different behavior from the membranes fabricated with isopropanol; the rejection of 
both R-WT and NaCl, and the water flux for the dendrimeric membranes was in between 
those for commercial RO and NF membranes.  Moreover, when different amounts of 
dendrimer G1 were used and when dendrimer G1 was replaced by dendrimer G2, a different 
set of membrane with different performance was produced compared the ones mentioned 
above. Overall, a wide range of dendrimeric membranes with different performance was 
fabricated by changing one parameter at a time in the IP procedure. 
9. Scanning electron microscopy, contact angle measurements, and Rutherford backscattering 
spectrometry were employed to characterize the novel dendrimeric active layers.  
Characterization results revealed that the structure, thickness, and pore distribution of the 
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dendrimeric membranes were different from the commercial membranes. Dendrimeric active 
layer thicknesses were on the 40-50 nm range, thinner than commercial polyamide 
membranes. Concentration and pKa values for the free carboxylic groups on the dendrimeric 
membranes were higher than for commercial polyamide membrane. The differences on pKa 
values and the carboxylic group concentrations observed for the set of dendrimeric 
membranes is in agreement with the rejection data. 
10. Carboxylic groups titration curves with a set of several cations (Ag+, Cs+, Ba2+, Ca2+, Y3+) 
were performed. The empirical evidence supports stronger binding interactions for Y3+ and 
Ca2+ to the carboxylate groups than for Cs+, Ag+, and Ba2+. Higher concentration of larger 
less accessible Ca2+, and Y3+ were found on the active layer compared to Ag+. It is believed 
that this increase is the result of different coordination states between the cations and the 
membrane, and that such coordination states are specific for each cation. A shift of pKa values 
in the titration curves were also observed for Ca2+, and Y3+. Ability to displace protons in 
carboxylic groups and therefore alter pKas has been related in literature to binding strengths. 
Hence the results here describe seems to point out that a stronger, non ionic, bond between 
Ca2+/membrane and Y3+/membrane can affect the carboxylic groups titration curves and the 
parameters obtain from fitting those titration curves. Since those parameter have been 
previously use to predict membrane performance, care must be taken in future experiments 
when choosing cations to perform RBS ion probing. 
11. By comparing carboxylate groups’ neutralization data with Ca2+, Ba2+, and Ag+, we could 
conclude that the relevant cation dimension in the neutralization process is the hydrated 
radius and not the ionic radius. Ca2+ with a similar hydrated radius to Ba2+, was observed to 
be present in the active layer at similar concentrations than Ba2+, concentration lower than 
Ag+ more than half the Ag+ concentration value. Since the ionic radius if Ca2+ is smaller than 
Ag+, the ionic radius could not be the relevant dimension in the process of ion diffusion 
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through the membrane and ion neutralization of carboxylic groups, or the Ca2+ concentration 
at higher pHs on the membrane should have been closer to the Ag+ concentration. 
Dendrimers seem to have a big potential as membrane building blocks, and though only one type of 
dendrimer chemistries tested was successful, results show how promising it could be to incorporate to the 
membrane generations and new dendrimer structures to target specific performance enhancements. The 
techniques here described and the protocols developed are the combination of a multidisciplinary 
approach, and they involved the combination of engineering, polymer chemistry, analytical chemistry, 
and materials characterization. Although these techniques have been only applied to polyamide 
membranes and aramide dendrimers for this research, they are powerful tools which could be applied to 
other membranes.  
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APPE DIX A 
APPE DICES FOR CHAPTER 2 
 
Appendix A.1. Supporting Information for Chapter 2 
Summary of contents: 
• Eleven  Pages 
• Table A1. Results for Ag+/Ba2+ ion exchange experiments and corresponding neutralization 
number (NN) and accessibility ratio (AR). Results for the active layer of a commercial NF 
membrane (TFC-S) and the TFC-S active layer loaded with 3.5 µg/cm2 of dendimer G2 and G3 at 
different pHs. 
• Figure A.1. Aramide dendrimers structure (G1-G3) used to modify the active layer of the 
commercial TFC-S NF membrane.  
• Figure A.2. Experimental and modeled water permeability comparisons for commercial TFC-S 
NF membrane, TFC-S exposed to methanol, and modified TFC-S membrane with different type 
(G2 and G3) and different loadings of dendrimers.  
• Figure A.3. Schematic representation of the TFC-S cross-section loaded with dendrimers. 
• Figure A.4. Aramide iodinated dendrimers structure (G1-I2 and G3-I2) used to characterize the 
location of the dendrimers within the active layer with Rutherford Backscattering (RBS). 
• Figure A.5. Experimental and modeled Rhodamine WT (RW-T) permeation comparisons for 
commercial NF membrane (TFC-S) and TFC-S exposed to methanol (diamond symbols) and 
modified TFC-S membrane with different types (G2 and G3) and different loadings of 
dendrimers. R-WT solute permeability assumed to be B=0 
• Figure A.6. Image of the TFC-S coupons with and without dendrimers, after 40h of exposure to a 
feed of 2.5 mg/L R W-T in the dead-end filtration apparatus. 
• Figure A.7. Experimental and modeled water permeability for NaCl rejection experiments 
comparisons for commercial TFC-S NF membrane, and TFC-S exposed to methanol, and 
modified TFC-S membrane with different loadings of dendrimer G2.  
• Figure A.8. Experimental and modeled solute passage for NaCl comparisons for commercial 
TFC-S NF membrane and TFC-S exposed to methanol and modified TFC-S membrane with 
different different loadings of dendrimer G2.  
• Figure A.9. a) Concentration of carboxylic groups [R-COO-] in the polyamide active layer of 
various TFC-S NF membranes measured with Ag+ as ion probe.  b) Accessibility ratio for Ba2+ 
ion (AR) in the active layer of the TFC-S membrane blank, the TFC-S loaded with 3.5 µg/cm2 G2 
and 3.5 mg/cm2 G3, and the TFC-S reported by Coronell et al. 2010.   
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Table A.1. Experimental results for Ag+/Ba2+ ion exchange experiments and corresponding neutralization 
number (NN) and accessibility ratio (AR) results for the active layer of a commercial NF membrane 
(TFC-S) and the TFC-S active layer loaded with 3.5 µg/cm2 of dendimer G2 and G3 at different pHs 
Ag+,e 
before 
IXb [M] 
Ag+,e 
after IX 
[M] 
Ba2+,e 
after IX 
[M] 
Ag+,f 
displaced 
by Ba2+ 
[M] 
NNc,g     
[-] 
ARd  
[-] 
pH 10.2a TFC-S Blank 0.377 0.086 0.211 0.291 1.38 0.77 
TFC-S+3.5 µg G2/cm2 0.352 0.133 0.200 0.219 1.10 0.62 
TFC-S+3.5 µg G3/cm2 0.319 0.105 0.200 0.214 1.07 0.67 
pH 9.1a TFC-S Blank 0.340 0.082 0.202 0.258 1.28 0.76 
TFC-S+3.5 µg G2/cm2 0.284 0.086 0.200 0.199 0.99 0.70 
TFC-S+3.5 µg G3/cm2 0.276 0.076 0.190 0.200 1.05 0.72 
pH 8.1a TFC-S Blank 0.200 0.040 0.173 0.160 0.92 0.80 
TFC-S+3.5 µg G2/cm2 0.187 0.050 0.146 0.137 0.94 0.73 
TFC-S+3.5 µg G3/cm2 0.182 0.057 0.131 0.125 0.95 0.69 
pH 5.1a TFC-S Blank 0.130 0.030 0.096 0.100 1.04 0.77 
TFC-S+3.5 µg G2/cm2 0.078 0.040 0.040 0.038 0.95 0.49 
TFC-S+3.5 µg G3/cm2 0.106 0.050 0.055 0.056 1.02 0.53 
a average pH value for both Ag+ and Ba2+ solutions.  During ion-exchange experiments, the pH of the ion 
probe solution was measured continuously, the presented data is the average value.  The observed pH 
Variability was within ±0.1. 
b IX= ion exchange. 
c NN= neutralization number. 
d AR= accessibility ratio.  
e Ag+ and Ba2+ concentration in the PA active layer were obtained by Rutherford backscattering 
spectrometry (RBS) 
f Ag+ displaced was calculated by subtracting the Ag+ concentration measured in the PA active layer after 
the IX from the Ag+ concentration observed before IX. 
g NN was calculated with the following equation: 
2+
2+
++ +
displaced by Babefore IX after IX
2+ -
 after IX neutralized by Ba
[Ag ][Ag ] [Ag ]
NN
[Ba ] [R-COO ]
∆−
= =  
h AR was calculated using the following equation : 
2+
-
NN× Ba
AR=
R-COO
  
  
, where [R-COO-] is the concentration 
of deprotonated carboxylic groups in the active layer at a given pH, which was assumed to be equal to 
the concentration of Ag+ measured by RBS before IX, and [Ba2+] is the concentration of Ba2+ in the 
active layer after IX. 
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Figure A.1.  Structures of aramide dendrimers (G1-G3) used to modify the active layer of the commercial 
TFC-S NF membrane. 
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Figure A.2. Experimental (symbols) and modeled (lines) water permeability for RW-T (a), H3AsO3 (b) 
and NaCl and BaCl2 (c) rejection experiments (see corresponding solute passage data in Figure 2.2 of the 
main manuscript) with unmodified TFC-S NF membrane (diamond symbols),TFC-S membrane treated 
with methanol (triangle symbols) and TFC-S membrane samples modified with G2 (green circle and star 
symbols) and G3 (blue circle and star symbols) at a dendrimer loading of 7 µg/cm2.  Corresponding water 
permeability coefficients are listed in Table 1. JV was measured gravimetrically, pf was measured with 
pressure transducers, and piw was calculated from measured concentrations taking into account the 
concentration-polarization effect. 
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Figure A.3. Schematic representation (not to scale) of the TFC
the first layer of deposited dendrimers fill the PA “ridge valley” creating a mixed layer of PA and 
dendrimers (~70 nm). Further addition of dendrimers form a layer of pure dendrimers (~6nm) atop the 
PA/dendrimer dual layer.  
 
Figure A.4. Structures of iodinated arami
the dendrimers with respect to the active layer by Rutherford Backscattering Spectrometry (RBS).
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Figure A.5. Experimental (symbols) and modeled (line) solute passage for RW-T comparisons for 
commercial NF membrane (TFC-S) and TFC-S exposed to methanol (diamond symbols) and modified 
TFC-S membrane with different types (G2 and G3) and different loadings of dendrimers. Notice the use 
of a logarithmic scale for the vertical axis. (G2 and G3)-moidfied T-CS lines correspond to the 
assumption of modeled data with B=0.  
 
 
 
  
117 
 
   
(a) TFC-S Blank        (b)  TFC-S+7.1 µgG2/cm2           (c)  TFC-S+7.1 µgG3/cm2 
Figure A.6. Image of the TFC-S coupons with and without dendrimers, after 40h of exposure to a feed of 
2.5 mg/L Rhodamine W-T (pink dye) in the dead-end filtration apparatus. (a) TFC-S Blank. (b) TFC-S 
sample modified with 7 µg/cm2 of G2 percolated through the membrane previous to the R-WT 
permeation experiments. (c) TFC-S sample modified with 7 µg/cm2 of G3 percolated through the 
membrane previous to the R-WT permeation experiments. Efforts made to quantify the difference in R-
WT concentration of the three samples by spectrofluorometry were unsuccessful because the high 
concentration of R-WT in the blank membrane resulted in self-quenching and spectral shift effects.  
Estimations of R-WT contents by light absorbance at 400-700 nm revealed that the level of R-WT in the 
TFC-S blank sample was at least 5 times higher than those in the dendrimer-modified samples. TFC-S 
membrane was free from R-WT during sequential loading previous to R-WT permeation experiments. It 
has been observed that though TFC-S R-WT rejection is up to 98% in aqueous solutions, R-WT breaks 
through the TFC-S without much rejection when dissolved in methanol. The surface membrane color on 
the blank TFC-S disappeared when the dendrimer methanol solution was percolated through every 
dendrimer loading; therefore, any membrane, either blank or dendrimer-modified membrane, was free 
from R-WT on its surface before performing R-WT permeation experiments. 
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Figure A.7. Experimental (symbols) and fitted (lines) water permeability for NaCl rejection experiments 
(see corresponding NaCl passage data in Figure A.8) performed with unmodified TFC-S NF membranes 
from Set 2 (diamond symbols),TFC-S membrane samples treated with methanol (triangle symbols), and 
TFC-S membrane samples modified with increasing loadings of dendrimer G2 (circle symbols).  
Corresponding water permeability coefficients are listed in Table 1.  
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Figure A.8. Experimental (symbols) and fitted (line) solute passage for NaCl (see corresponding water 
permeability data in Figure A.7) obtained with unmodified TFC-S NF membrane samples from Set 2 
(diamond symbols), TFC-S membrane samples treated with methanol (triangle symbols), and TFC-S 
membrane samples modified with increasing loadings of dendrimer G2 (circle symbols). Corresponding 
NaCl permeation parameters are listed in Table 1.  
 
METHAOL EFFECT O TFC-S STRUCTURE AD TFC-S SOLUTE REJECTIO 
Methanol is supposed to be a swelling agent that can affect the membrane structure, but its effect on the 
polyamide layer is not fully understood yet, and it varied from one polyamide membrane to another. It 
was observed that in aqueous solution, the TFC-S was removing R-WT at levels up to 98% (see Figure 
2.2a and A.5). When methanol was used as solvent, R-WT broke through the membrane and no rejection 
was observed. The difference of R-WT rejection with both of the solvents indicated pore swelling on the 
PA. The swelling was not too dramatic since the somewhat larger dendrimers G2 and G3 did not break 
through. When membrane exposed to methanol (no dendrimers added) was tested again with an aqueous 
solution, the R-WT rejection went back to 98% (See orange diamonds in Figure 2.2a and A.5), while the 
decrease of 15-18% in product water flux  was not recovered (see orange triangles on Figure A.2a ) . It is 
possible that the solvent change from water to methanol alters the PA structure, but most of it is reversed 
when the membrane is put back in contact with water. Those pores where the R-WT diffuses through 
must recover a size similar to the original one since the rejection of R-WT goes back to the same values 
as for the blank, but some pores changed to create a flux decrease. .  
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Figure A.9. (a) Effect of pH on the concentration of deprotonated carboxylic groups [R-COO-] (measured 
using Ag+ as ion probe) in the polyamide active layer of unmodified (Sets 1 and 2) TFC-S NF membranes 
(red diamond symbols), and TFC-S membrane samples modified with G2 (green circle symbols) or G3 
(cyanide circle symbols) dendrimers at a loading of 3.5 µg/cm2. Black square symbols correspond to data 
previously reported by Coronell et al. 2010 [8] for another TFC-S membrane from the same 
manufacturer.  Plain and crossed symbols correspond to the concentration of carboxylic groups on  
membrane samples from Set 1 (used for permeation experiments shown in Figures 2.2, A.2 and A.5), and 
Set 2 (used for permeation experiments shown in Figures A.7 and A.8), respectively.  (b) Experimental 
(symbols) and average (lines) accessibility ratios for Ba2+ (AR) in the active layer of the TFC-S 
membrane blank (red), and TFC-S membrane samples modified with dendrimer G2 (green) or G3 
(cyanide) at a loading of 3.5 µg/cm2, and that reported by Coronell et al. 2010 [8] for the TFC-S 
membrane (black).  AR data is listed in Table A1. The unmodified TFC-S membrane used in this study 
had a CT,R-COOH = 0.38 M, lower than the value CT,R-COOH = 0.54 M reported earlier [8].  However, the 
value pKa,2=8.4 found in this study was also lower than the value pKa,2=8.7 previously reported [8]. We 
emphasize that data at pH 8.1-10.2 was produced with membrane samples (Set 1) cut from a different part 
of a commercial membrane element than the part of the membrane used to generate the data at pH 5.1 
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(Set 2).  Although none of the two sets cover a pH range that would allow the complete characterization 
of deprotonated carboxylic group concentration as a function of pH, the data for Set 1 allowed the 
determination of the total concentration of carboxylic groups CT,R-COOH accessible to Ag
+ as well as the 
fractions w1 and w2 (w2=1-w1) of these groups respectively located inside aggregate and network pores, 
and the dissociation constant pKa,2 for carboxylic groups located in network pores.  The lack of data at 
lower pH for Set 1 did not allow the calculation of the dissociation constant pKa,1 for carboxylic groups 
located in aggregate pores. The decrease of measured carboxylic groups in the PA and the increase in the 
pKa2 value for the membrane modified with dendrimers indicates that the dendrimers are obstructing the 
diffusion of silver to the carboxylic groups, and the that the network pores are becoming smaller. 
 
Appendix A.2. Results of Rutherford backscattering spectrometry (RBS) analyses of TFC-S 
membrane (nanofiltration membrane) samples blanks, and TFC-S samples modified with 
dendrimer G2-PEG and dendrimer G3-PEG. Samples probed with silver (Ag
+
) and barium (Ba
+2
) 
ions. 
Samples 
(Figure 2.3) Ion pH 
Elemental ratio 
Ag 
Concentration 
Ag [M] 
Elemental 
ratio Ba 
Concentration 
Ba [M] 
TFC-S Blank  Ag+ 10.2±0.05 0.0039 0.373 0 0.000 
TFC-S Blank  Ag+ 10.2±0.05 0.004 0.382 0 0.000 
TFC-S Blank  IX 10.2±0.05 0.0008 0.076 0.0021 0.200 
TFC-S Blank  IX 10.2±0.05 0.001 0.095 0.0023 0.220 
TFC-S Blank  Ag+ 9.1±0.05 0.0036 0.347 0 0.000 
TFC-S Blank  Ag+ 9.1±0.05 0.0035 0.337 0 0.000 
TFC-S Blank  IX 9.1±0.05 0.0008 0.077 0.0021 0.202 
TFC-S Blank  IX 9.1±0.05 0.0009 0.086 0.0021 0.201 
TFC-S Blank  Ag+ 8.1±0.05 0.002 0.191 0 0.000 
TFC-S Blank  Ag+ 8.1±0.05 0.0022 0.210 0 0.000 
TFC-S Blank  IX 8.1±0.05 0.0006 0.058 0.0018 0.173 
TFC-S Blank  IX 8.1±0.05 0.0008 0.076 0.0018 0.172 
TFC-S Blank  Ag+ 5.0±0.05 0.0014 0.134 0 0.000 
TFC-S Blank  Ag+ 5.0±0.05 0.0013 0.125 0 0.000 
TFC-S Blank  IX 5.0±0.05 0.00025 0.024 0.001 0.096 
TFC-S Blank  IX 5.0±0.05 0.0003 0.029 0.001 0.096 
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Samples 
(Figure 2.3) Ion pH 
Elemental 
ratio Ag 
Concentration 
Ag [M] 
Elemental 
ratio Ba 
Concentration Ba 
[M] 
3.5 mg/cm2 G2 Ag+ 10.2±0.05 0.0037 0.352 0 0.000 
3.5 mg/cm2 G2 Ag+ 10.2±0.05 0.0037 0.352 0 0.000 
3.5 mg/cm2 G2 IX 10.2±0.05 0.0014 0.133 0.0021 0.200 
3.5 mg/cm2 G2 IX 10.2±0.05 0.0014 0.133 0.0021 0.200 
3.5 mg/cm2 G2 Ag+ 9.1±0.05 0.003 0.285 0 0.000 
3.5 mg/cm2 G2 Ag+ 9.1±0.05 0.003 0.285 0 0.000 
3.5 mg/cm2 G2 IX 9.1±0.05 0.0009 0.086 0.0021 0.200 
3.5 mg/cm2 G2 IX 9.1±0.05 0.0009 0.086 0.0021 0.200 
3.5 mg/cm2 G2 Ag+ 8.1±0.05 0.0019 0.182 0 0.000 
3.5 mg/cm2 G2 Ag+ 8.1±0.05 0.002 0.191 0 0.000 
3.5 mg/cm2 G2 IX 8.1±0.05 0.0005 0.048 0.0015 0.144 
3.5 mg/cm2 G2 IX 8.1±0.05 0.00055 0.053 0.00154 0.147 
3.5 mg/cm2 G2 Ag+ 5.1±0.05 0.0008 0.076 0 0.000 
3.5 mg/cm2 G2 Ag+ 5.1±0.05 0.00085 0.082 0 0.000 
3.5 mg/cm2 G2 IX 5.1±0.05 0.00045 0.043 0.00043 0.048 
3.5 mg/cm2 G2 IX 5.1±0.05 0.00045 0.043 0.0005 0.047 
Samples 
(Figure 2.3) Ion pH 
Elemental 
ratio Ag 
Concentration 
Ag [M] 
Elemental 
ratio Ba 
Concentration Ba 
[M] 
3.5 mg/cm2 G3 Ag+ 10.2±0.05 0.0035 0.333 0 0.000 
3.5 mg/cm2 G3 Ag+ 10.2±0.05 0.0032 0.305 0 0.000 
3.5 mg/cm2 G3 IX 10.2±0.05 0.0011 0.105 0.0022 0.209 
3.5 mg/cm2 G3 IX 10.2±0.05 0.0011 0.105 0.002 0.190 
3.5 mg/cm2 G3 Ag+ 9.1±0.05 0.003 0.285 0 0.000 
3.5 mg/cm2 G3 Ag+ 9.1±0.05 0.0028 0.266 0 0.000 
3.5 mg/cm2 G3 IX 9.1±0.05 0.0009 0.086 0.002 0.190 
3.5 mg/cm2 G3 IX 9.1±0.05 0.0006 0.057 0.002 0.190 
3.5 mg/cm2 G3 Ag+ 8.1±0.05 0.002 0.191 0 0.000 
3.5 mg/cm2 G3 Ag+ 8.1±0.05 0.0018 0.172 0 0.000 
3.5 mg/cm2 G3 IX 8.1±0.05 0.0006 0.057 0.00145 0.139 
3.5 mg/cm2 G3 IX 8.1±0.05 0.0006 0.057 0.0013 0.124 
3.5 mg/cm2 G3 Ag+ 5.1±0.05 0.0011 0.106 0 0.000 
3.5 mg/cm2 G3 Ag+ 5.1±0.05 0.0011 0.106 0 0.000 
3.5 mg/cm2 G3 IX 5.1±0.05 0.0005 0.048 0.0006 0.058 
3.5 mg/cm2 G3 IX 5.1±0.05 0.0005 0.047 0.00055 0.052 
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Appendix B.1. Supporting Information for Chapter 3 
Summary of contents: 
• Figure B.1. Structure of the first generation of amine terminated aramide dendrimer (G1-NH2) 
bonded to the carboxylic groups in the active layer of the commercial TFC-S NF membrane by 
the terminal amine groups. 
• Figure B.2. Structures of PEG terminated aramide dendrimers (G1-PEG, G2-PEG, G3-PEG) used 
to modify the active layer of the commercial TFC-S NF membrane. 
• Figure B.3. Experimental and modeled R-WT solute rejection and water permeability for 
unmodified TFC-S NF membrane and TFC-S membrane exposed to acetonitrile. 
• Figure B.4. Experimental and modeled R-WT solute rejection and water permeability for a blank 
TFC-S NF membrane and TFC-S membrane exposed to crosslinkers EDC/s-NHS and CMPI with 
no dendrimer G1-NH2 addition.  
• Figure B.5. Changes in R-WT solute rejection data and water permeability for a TFC-S NF 
membrane modified with dendrimer G3-PEG through a 10 day permeation period. 
• Figure B.6. Structure of iodinated aramide dendrimers third generation (G3-I2-PEG) used to 
characterize the location of the dendrimers within the active layer with Rutherford backscattering 
spectrometry (RBS). 
• Figure B.7. Differences in dendrimers G3-I2-PEG concentration in the TFC-S PA active layer 
before permeation experiments and after a 10 day period of permeation experiments with 
nanopure water. 
• Figure B.8. Experimental and modeled water permeability for RW-T and BaCl2 rejection 
experiments with unmodified TFC-S NF membrane and TFC-S membrane where dendrimer G1-
NH2 has been covalently attached. 
• Figure B.9. Experimental and modeled water permeability for RW-T rejection experiments with 
unmodified TFC-S NF membrane and TFC-S membranes modified with 71 µg/cm2 G1-PEG, G2-
PEG and G3-PEG. 
• Table B.1. Comparative CHO cell chronic cytotoxicity of dendrimer samples 
 
 
 
 
 
 
  
 
 
Figure B.1. Structures of the first generation of amine terminated aramide dendrimer (G1
the carboxylic groups in the active layer of the commercial TFC
groups. 
 
 
Figure B.2.  Structures of PEG terminated aramide dendrimers (G1
modify the active layer of the commercial TFC
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Figure B.3.  Experimental (symbols) and modeled (lines) R-WT solute rejection (a) and water 
permeability (b) for a unmodified TFC-S NF membrane (circle symbols), and TFC-S membrane treated 
by filtering 50 mL of acetonitrile through it prior to permeation testing (diamond symbols) . 
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Figure B.4.  Experimental (symbols) and modeled (lines) R-WT solute rejection (a) and water 
permeability (b) for a blank TFC-S NF membrane (circle symbols), for a TFC-S membrane sample 
exposed to a solution of 26 µM EDC and 23 µM s-NHS with no dendrimer G1-NH2 added (diamond 
symbols), and for a TFC-S membrane sample exposed to a solution of 26 µM CMPI with no dendrimer 
G1-NH2 added (squared symbols). 
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Figure B.5.  Changes in R-WT solute rejection (top plot) and water permeability (bottom plot) for a TFC-
S NF membrane modified with dendrimer G3-PEG through a 10 day permeation period (symbols). R-WT 
solute rejection water permeability of initial blank TFC-S membrane prior to dendrimer modification 
(line) used as reference. 
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Figure B.6. Structure of iodinated aramide dendrimers third generation (G3-I2-PEG) used to characterize 
the location of the dendrimers within the active layer with Rutherford backscattering spectrometry (RBS). 
  
Figure B.7. Differences in dendrimers G3-I2-PEG concentration in the TFC-S PA active layer before 
permeation experiments (t=0) and after a 10 day period of permeation experiments with nanopure water 
(t=10 days). RBS spectra obtained for a TFC-S membrane modified with an applied mass loading of 3.5 
µg/cm2 of G3-I2-PEG. 
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Figure B.8. Experimental (symbols) and modeled (lines) water permeability for RW-T (a, b), and BaCl2 
(c, d) rejection experiments (see corresponding solute rejection data in Figure 3.2 of the main manuscript) 
with unmodified TFC-S NF membrane (circle symbols), and TFC-S membrane where dendrimer G1-NH2 
has been covalently attached (triangle symbols) using EDC/s-NHS  (a,c) or CMPI (b,d) as coupling 
reagent(s). Corresponding water permeability coefficients are listed in Table 1. 
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Figure B.9. Experimental (symbols) and modeled (lines) RW-T rejection experiments and water 
permeability comparisons for unmodified TFC-S NF membrane (circle symbols), TFC-S membrane 
modified with dendrimer G1-PEG (diamond symbols), TFC-S membrane modified with dendrimer G2-
PEG (square symbols),and TFC-S membrane modified with dendrimer G3-PEG (triangle symbols). 
Numbers next to data points in the upper plot represent the sampling order for R-WT rejection 
experiments for modified TFC-S with 71 µg/cm2 loading G1-PEG showing how the rejection decreased 
with time.  
TFC-S membrane samples modified with a G1-PEG loading of 71 µg/cm2 had a water permeability 
(AD=2.36 m/MPa/d) that was only 12 percent lower than that (AD=2.68 m/MPa/d) before membrane 
modification.  In contrast, the initial rejection of R-WT increased by nearly an order of magnitude mainly 
as a result of the solute permeation coefficient decreasing by a factor of 30, from B=0.027 m/d before 
membrane modification to B=0.009 m/d immediately after membrane modification (the advective 
transport parameter α=0.06 did not appear to change).   
Membrane samples with G2-PEG and G3-PEG dendrimers had a 71 µg/cm2 loading, significantly higher 
than those useded in our previous study (at loadings of 0.7-3.5 µg/cm2)8. The water permeation coefficient 
AD decreased by 86% (G2-PEG) and 80% (G3-PEG), the R-WT permeation coefficients B were too low 
to be determined, and advection coefficients α decreased as a result of dendrimers constricting membrane 
imperfections, with the effect of G3-PEG (α=0.016) being more pronounced than that of G2-PEG 
(α=0.023).  It is important to point that although over the time period of up to 3 days over which the 
permeation experiments with membranes modified with G2-PEG and G3-PEG dendrimers were 
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performed, performance deterioration was not observed, longer term (10 days) experiments (see Figure 
B.5) performed with a membrane modified with G3-PEG dendrimer using higher mixing conditions 
revealed that eventually the dendrimers are lost (also supported by the loss in G3-I2 dendrimer observed 
by RBS as shown in Figure B.7) and the performance of the membrane changed so that the rejection 
becomes the same as that of the unmodified TFC-S membrane.  In contrast, only a small portion of the 
water permeation is recovered (see Figure B.5) apparently because dendrimers permeating through 
membrane imperfections become absorbed in the polysulfone support layer, as also detected with the G3-
I2 dendrimer by RBS.  
 
Table B.1. Comparative CHO cell chronic cytotoxicity of dendrimer samples 
 
 
 
 
 
a The LC50 is the calculated dendrimer sample concentration that induced a cell density that was 50% of 
the concurrent negative control. b Lowest cytotoxic concentration was the lowest concentration dendrimer 
sample in the concentration-response curve that induced a statistically significant reduction in cell density 
as compared to the concurrent negative controls. c The degrees of freedom for the between-groups and 
residual associated with the calculated F-test result and its probability value. 
 
 
 
 
 
 
 
 
 
 
 
 
Sample 
Conc. 
Range 
(g/L) 
Chronic 
Cytotoxicity 
(LC50) mg/L 
a
 
 
Lowest Toxic 
Concentration 
(mg/L) 
b
 
AOVA Test Statistic 
c
 
G1-PEG 1×10−5 – 7  500 875 F28, 85 = 34.1: P ≤ 0.001 
G1-NH2 4×10
−7 – 0.19 5 2.97 F20, 67 = 104.1: P ≤ 0.001 
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Appendix B.2. Results of Rutherford backscattering spectrometry (RBS) analyses of TFC-S 
membrane (nanofiltration membrane) samples blanks, and TFC-S samples with G1-H2 
attachment by coupling reagents EDC and CMPI, and control TFC-S samples with G1-H2 and no 
coupling reagents. Samples probed with tungstate (WO4
2-
) and yttrium (Y
+3
) ions. 
Samples (Figure 3.1a) Ion pH Elemental ratio Concentration[M] 
TFC-S blank  WO4
-2 
4.0±0.05 0.00027 0.026 
TFC-S blank  WO4
-2
 4.0±0.05 0.00025 0.024 
EDC/sNHS+G1-NH2 (pH=4.7) WO4
-2
 4.0±0.05 0.0017 0.161 
EDC/sNHS+G1-NH2 (pH=4.7) WO4
-2
 4.0±0.05 0.0018 0.170 
G1-NH2 control (pH=5.3) WO4
-2
 4.0±0.05 0.0002 0.019 
G1-NH2 control (pH=5.3) WO4
-2
 4.0±0.05 0.00029 0.027 
EDC/sNHS+G1-NH2 (pH=5.3) WO4
-2
 4.0±0.05 0.00135 0.127 
EDC/sNHS+G1-NH2 (pH=5.3) WO4
-2
 4.0±0.05 0.00145 0.137 
G1-NH2 control (pH=6.0) WO4
-2
 4.0±0.05 0.00019 0.018 
G1-NH2 control (pH=6.0) WO4
-2
 4.0±0.05 0.0002 0.019 
EDC/sNHS+G1-NH2 (pH=6.0) WO4
-2
 4.0±0.05 0.0013 0.122 
EDC/sNHS+G1-NH2 (pH=6.0) WO4
-2
 4.0±0.05 0.00155 0.146 
EDC/sNHS+G1-NH2 (pH=7.0) WO4
-2
 4.0±0.05 0.0018 0.170 
EDC/sNHS+G1-NH2 (pH=7.0) WO4
-2
 4.0±0.05 0.00175 0.165 
     Samples (Figure 3.1b) Ion pH Elemental ratio Concentration[M] 
G1-NH2 control (pH=4.0) WO4
-2
 4.0±0.05 0.00029 0.028 
G1-NH2 control (pH=4.0) WO4
-2
 4.0±0.05 0.00028 0.027 
CMPI+G1-NH2 (pH=4.0) WO4
-2
 4.0±0.05 0.00038 0.036 
CMPI+G1-NH2 (pH=4.0) WO4
-2
 4.0±0.05 0.00037 0.035 
CMPI+G1-NH2 (pH=6.0) WO4
-2
 4.0±0.05 0.00064 0.061 
CMPI+G1-NH2 (pH=6.0) WO4
-2
 4.0±0.05 0.00063 0.060 
G1-NH2 control (pH=10.0) WO4
-2
 4.0±0.05 0.0002 0.019 
G1-NH2 control (pH=10.0) WO4
-2
 4.0±0.05 0.00018 0.017 
CMPI+G1-NH2 (pH=10.0) WO4
-2
 4.0±0.05 0.0007 0.067 
CMPI+G1-NH2 (pH=10.0) WO4
-2
 4.0±0.05 0.00072 0.069 
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Samples (Figure 3.1c) Ion pH Elemental ratio Concentration[M] 
TFC-S blank  Y
+3
 6.0±0.05 0.00365 0.34 
TFC-S blank  Y
+3
 6.0±0.05 0.003 0.28 
EDC/sNHS+G1-NH2 (pH=6.0) Y
+3
 6.0±0.05 0.0022 0.21 
EDC/sNHS+G1-NH2 (pH=6.0) Y
+3
 6.0±0.05 0.0021 0.20 
CMPI+G1-NH2 (pH=6.0) Y
+3
 6.0±0.05 0.0013 0.12 
CMPI+G1-NH2 (pH=6.0) Y
+3
 6.0±0.05 0.0013 0.12 
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APPEDIX C 
APPEDICES FOR CHAPTER 4 
 
Appendix C.1. Supporting Information for Chapter 4 
Summary of contents: 
• Figure C.1 .Water Contact angle measurements for TFC-S polyamide nanofiltration membrane, 
and G1-NH2 dendrimeric membranes hand casted with NMP and isopropanol as co-solvents. 
• Figure C.2. Experimental and modeled water permeability for RW-T rejection experiments. 
• Table C.1. Water, Rhodamine WT (R-WT) and sodium chloride (NaCl) permeation coefficients. 
• Figure C.3. SEM micrographs of the surface morphologies of a G2-NH2 dendrimeric membrane 
prepared with NMP, a1 mg G1-NH2 NMP as co-solvent, and a 1 mg G1-NH2 isopropanol as co-
solvent.  
• Figure C.4. Experimental data and simulated data of the effect of pH on the concentration of 
deprotonated carboxylic groups [R-COO-] (measured using Ba+2 as ion probe) in the polyamide 
active layer of 2 mg G2-NH2 dendrimeric membrane prepared with, 1mg G1-NH2 NMP as co-
solvent, 1 mg G1-NH2 isopropanol as co-solvent, and a mixture of 1 mg G2-NH2 and 1mg G1-
NH2 with NMP as co-solvent. 
• Figure C.5. Experimental and modeled solute rejection for RW-T comparisons for dendrimeric 
membranes hand casted with 2 mg G2-NH2 dendrimeric membrane prepared with, 1mg G1-NH2 
with NMP as co-solvent, 1 mg G1-NH2 isopropanol as co-solvent , and a mixture of 1 mg G2-
NH2 and 1mg G1-NH2 with NMP as co-solvent.  
• Figure C.6. Experimental and modeled solute rejection for NaCl comparisons for dendrimeric 
membranes hand casted with 2 mg G2-NH2 dendrimeric membrane prepared with, 1mg G1-NH2 
with NMP as co-solvent, 1 mg G1-NH2 isopropanol as co-solvent , and a mixture of 1 mg G2-
NH2 and 1mg G1-NH2 with NMP as co-solvent.  
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Figure C.1. Water Contact angle measurements for TFC-S polyamide nanofiltration membrane, and G1-
NH2 dendrimeric membranes hand casted with NMP and isopropanol as co-solvents. 
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Figure C.2. Experimental (symbols) and modeled (lines) water permeability for RW-T rejection 
experiments (see corresponding solute rejection data in Figure 4.3 of the main manuscript and Figure 
C.4). Corresponding water permeability coefficients are listed in Table 4.1 and Table C.4.  
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Table C.1. Water, Rhodamine WT (R-WT) and sodium chloride (NaCl) permeation coefficients.a  
Membrane AD (m/MPa/d) Solute B (m/d) α 
1 mg G1-NH2 NMP co-solvent 
1 mg G1-NH2 isopropanol co-solvent 
2 mg G1-NH2 NMP co-solvent   
1 mg G1-NH2 + 1 mg G2-NH2 NMP co-
solvent 
 
0.70±0.03 
0.45±0.02 
1.37±0.08 
0.56±0.02 
 
R-WT 
R-WT 
R-WT 
R-WT 
 
0.004±0.0005 
0.001±0.0002 
0.008±0.001 
0.006±0.004 
 
0.013±0.004 
0.009±0.003 
0.013±0.001 
0.017±0.004 
 
1 mg G1-NH2 NMP co-solvent 
1 mg G1-NH2 isopropanol co-solvent 
2 mg G1-NH2 NMP co-solvent   
1 mg G1-NH2 + 1 mg G2-NH2 NMP co-
solvent 
 
0.53±0.03 
0.39±0.01 
1.5±0.2  
0.64±0.04 
 
NaCl 
NaCl 
NaCl 
NaCl 
 
0.085±0.009 
0.05±0.008 
0.17±0.04 
0.021±0.001 
 
0.1±0.06 
0.009±0.003b 
0.2±0.1 
0.03±0.01 
 
a Obtained at operation conditions of 21±2 °C, pH 6.75±0.25 for R-WT and NaCl and 
single solute feed concentration of 2.5 mg/L (R-WT), 400 mg/L (NaCl).  
b The fraction α of the total product water flux passing through membrane imperfections 
for NaCl could not be resolved accurately due to the advection term contribution to 
overall permeation being much lower than the diffusion term contribution. Therefore, 
the fraction α was assumed to be the same as that determined from fitting the R-WT 
data. 
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Figure C.3. SEM micrographs of the surface morphologies of a a) G2-NH2 dendrimeric membrane 
prepared with NMP (observed the lack of a layer formation and the polymeric precipitation on the left 
side) b) 1 mg G1-NH2 NMP as co-solvent, c) 1 mg G1-NH2 isopropanol as co-solvent. Image b and c 
show similar layers to those in Figure 4.1 but non uniform and with incomplete PES coverage.  
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Figure C.4.  Experimental data (symbols) and simulated data (lines) of the effect of pH on the 
concentration of deprotonated carboxylic groups [R-COO-] (measured using Ba+2 as ion probe) in the 
polyamide active layer of 2 mg G2-NH2 dendrimeric membrane prepared with NMP (pKa1=5.6±0.5 and 
pKa2= 9.5±0.2, w1=0.17±0.03 and w2=0.83±0.03, CT,R−COOH=1.5±0.2 ) (yellow cross symbols), 1mg G1-
NH2 NMP as co-solvent (pKa1=5.3±0.5 and pKa2= 8.5±0.1, w1=0.20±0.05 and w2=0.80±0.05, 
CT,R−COOH=1.05±0.05 ) (light green half full circle symbols), 1 mg G1-NH2 isopropanol as co-solvent 
(pKa1=5.1±0.5 and pKa2= 8.6±0.2, w1=0.23±0.05 and w2=0.77±0.05, CT,R−COOH=1.37±0.07 ) (cyan half 
full square symbols), and a mixture of 1 mg G2-NH2 and 1mg G1-NH2 with NMP as co-solvent 
(pKa1=5.7±0.2 and pKa2= 8.8±0.1, w1=0.27±0.02 and w2=0.73±0.02, CT,R−COOH=0.70±0.03 ) (pink 
hexagonal symbols). 
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Figure C.5. Experimental (symbols) and modeled (line) solute rejection for RW-T comparisons for 
dendrimeric membranes hand casted with 2 mg G2-NH2 dendrimeric membrane prepared with NMP 
(yellow cross symbols), 1mg G1-NH2 with NMP as co-solvent (light green half full circle symbols), 1 mg 
G1-NH2 isopropanol as co-solvent  (cyan half full square symbols), and a mixture of 1 mg G2-NH2 and 
1mg G1-NH2 with NMP as co-solvent (pink hexagonal symbols).Parameters for the modeled data can be 
found in Table S. 
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Figure C.6. Experimental (symbols) and modeled (line) solute rejection for NaCl comparisons for 
dendrimeric membranes hand casted with 2 mg G2-NH2 dendrimeric membrane prepared with NMP 
(yellow cross symbols), 1mg G1-NH2 with NMP as co-solvent (light green half full circle symbols), 1 mg 
G1-NH2 isopropanol as co-solvent  (cyan half full square symbols), and a mixture of 1 mg G2-NH2 and 
1mg G1-NH2 with NMP as co-solvent (pink hexagonal symbols).Parameters for the modeled data can be 
found in Table C.1. 
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Appendix C.2. Results of Rutherford backscattering spectrometry (RBS) analyses of TFC-S 
membrane (nanofiltration membrane) samples blanks, and G1-H2
 
dendrimeric membranes 
synthesized using isopropanol as co-solvent and MP. Samples probed with barium (Ba
+2
) ions. 
 
Samples (Figure 4.2) Ion pH Elemental ratio Concentration[M] 
TFC-S (NF) Ba2+ 4.02±0.05 0.00022 0.032 
TFC-S (NF) Ba2+ 4.02±0.05 0.00035 0.050 
TFC-S (NF) Ba2+ 4.02±0.05 0.00045 0.065 
TFC-S (NF) Ba2+ 5.05±0.05 0.0008 0.115 
TFC-S (NF) Ba2+ 5.05±0.05 0.0006 0.086 
TFC-S (NF) Ba2+ 5.05±0.05 0.00125 0.180 
TFC-S (NF) Ba2+ 6.00±0.05 0.0014 0.201 
TFC-S (NF) Ba2+ 6.00±0.05 0.0013 0.187 
TFC-S (NF) Ba2+ 6.00±0.05 0.00145 0.208 
TFC-S (NF) Ba2+ 7.46±0.05 0.0019 0.273 
TFC-S (NF) Ba2+ 7.46±0.05 0.0018 0.259 
TFC-S (NF) Ba2+ 7.46±0.05 0.0018 0.258 
TFC-S (NF) Ba2+ 8.99±0.05 0.0025 0.359 
TFC-S (NF) Ba2+ 8.99±0.05 0.0026 0.373 
TFC-S (NF) Ba2+ 8.99±0.05 0.0024 0.344 
TFC-S (NF) Ba2+ 10.2±+0.05 0.0021 0.315 
TFC-S (NF) Ba2+ 10.2±+0.05 0.0029 0.434 
TFC-S (NF) Ba2+ 10.2±+0.05 0.0026 0.389 
 
 
 
 
 
 
 
 
 
 
 
150 
 
Samples (Figure 4.2) Ion pH Elemental ratio Concentration[M] 
2mg G1-NH2 isopropanol/water Ba2+ 4.70±0.05 0.00015 0.022 
2mg G1-NH2 isopropanol/water Ba2+ 4.70±0.05 0.00025 0.036 
2mg G1-NH2 isopropanol/water Ba2+ 4.70±0.05 0.00025 0.036 
2mg G1-NH2 isopropanol/water Ba2+ 5.60±0.05 0.00057 0.083 
2mg G1-NH2 isopropanol/water Ba2+ 5.60±0.05 0.00057 0.083 
2mg G1-NH2 isopropanol/water Ba2+ 5.60±0.05 0.00057 0.083 
2mg G1-NH2 isopropanol/water Ba2+ 6.85±0.05 0.0014 0.204 
2mg G1-NH2 isopropanol/water Ba2+ 6.85±0.05 0.0014 0.204 
2mg G1-NH2 isopropanol/water Ba2+ 6.85±0.05 0.0011 0.160 
2mg G1-NH2 isopropanol/water Ba2+ 7.70±0.05 0.0022 0.320 
2mg G1-NH2 isopropanol/water Ba2+ 7.70±0.05 0.0016 0.233 
2mg G1-NH2 isopropanol/water Ba2+ 7.70±0.05 0.0022 0.320 
2mg G1-NH2 isopropanol/water Ba2+ 8.60±0.05 0.0037 0.539 
2mg G1-NH2 isopropanol/water Ba2+ 8.60±0.05 0.003 0.437 
2mg G1-NH2 isopropanol/water Ba2+ 8.60±0.05 0.0034 0.495 
2mg G1-NH2 isopropanol/water Ba2+ 9.40±0.05 0.0052 0.757 
2mg G1-NH2 isopropanol/water Ba2+ 9.40±0.05 0.0052 0.757 
2mg G1-NH2 isopropanol/water Ba2+ 9.40±0.05 0.006 0.874 
2mg G1-NH2 isopropanol/water Ba2+ 9.50±0.05 0.0059 0.859 
2mg G1-NH2 isopropanol/water Ba2+ 9.50±0.05 0.0057 0.830 
2mg G1-NH2 isopropanol/water Ba2+ 9.50±0.05 0.0048 0.699 
2mg G1-NH2 isopropanol/water Ba2+ 10.10±0.05 0.0065 0.947 
2mg G1-NH2 isopropanol/water Ba2+ 10.10±0.05 0.006 0.874 
2mg G1-NH2 isopropanol/water Ba2+ 10.10±0.05 0.006 0.874 
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Samples (Figure 4.2) Ion pH Elemental ratio Concentration[M] 
2mg G1-NH2 NMP/water Ba2+ 4.70±0.05 0.0006 0.087 
2mg G1-NH2 NMP/water Ba2+ 4.70±0.05 0.0005 0.073 
2mg G1-NH2 NMP/water Ba2+ 4.70±0.05 0.0008 0.167 
2mg G1-NH2 NMP/water Ba2+ 5.70±0.05 0.0006 0.087 
2mg G1-NH2 NMP/water Ba2+ 5.70±0.05 0.0006 0.087 
2mg G1-NH2 NMP/water Ba2+ 5.70±0.05 0.0006 0.087 
2mg G1-NH2 NMP/water Ba2+ 6.60±0.05 0.0013 0.189 
2mg G1-NH2 NMP/water Ba2+ 6.60±0.05 0.0038 0.553 
2mg G1-NH2 NMP/water Ba2+ 6.60±0.05 0.0009 0.131 
2mg G1-NH2 NMP/water Ba2+ 7.40±0.05 0.0017 0.247 
2mg G1-NH2 NMP/water Ba2+ 7.40±0.05 0.0027 0.393 
2mg G1-NH2 NMP/water Ba2+ 7.40±0.05 0.002 0.291 
2mg G1-NH2 NMP/water Ba2+ 8.00±0.05 0.0009 0.131 
2mg G1-NH2 NMP/water Ba2+ 8.00±0.05 0.0017 0.247 
2mg G1-NH2 NMP/water Ba2+ 8.00±0.05 0.0016 0.233 
2mg G1-NH2 NMP/water Ba2+ 9.00±0.05 0.0037 0.539 
2mg G1-NH2 NMP/water Ba2+ 9.00±0.05 0.004 0.582 
2mg G1-NH2 NMP/water Ba2+ 9.00±0.05 0.004 0.582 
2mg G1-NH2 NMP/water Ba2+ 10.00±0.05 0.009 1.311 
2mg G1-NH2 NMP/water Ba2+ 10.00±0.05 0.008 1.165 
2mg G1-NH2 NMP/water Ba2+ 10.00±0.05 0.008 1.165 
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APPEDIX D 
APPEDICES FOR CHAPTER 5 
 
Appendix D.1. Supporting Information for Chapter 4 
Summary of contents: 
• Figure D.1. Concentration of Ca2+ and Y3+ on the TFC-S polyamide active layer versus pH in the 
presence and the absence of acetone. 
• Figure D.2. Concentration of Y3+ and Ag+ measured with RBS on the SW30-HR polyamide 
active layer and NTR-7450 sulfonated polyethersulfone active layer. 
• Figure D.3.  Experimental data for TFC-S NaCl solute rejection comparisons for a single solute 
and a solution containing 3.10-6M Y3+ . 
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Figure D.1. Concentration of Ca2+ and Y3+ on the TFC-S polyamide active layer versus pH in the 
presence and the absence of acetone. Acetone was used to disrupt possible hydrogen bonding forming 
between the amide groups on the active layer and the hydrated cations. 
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Figure D.2. Concentration of Y3+ and Ag+ measured with RBS on the SW30-HR polyamide active layer 
and NTR-7450 sulfonated polyethersulfone active layer. Pores in SW30-HR membrane are smaller than 
TFC-S membranes and therefore samples prepared at pH 8 for Y3+ and Ag+ present a higher concentration 
for Ag+ on the membrane due to better accessibility of the smaller Ag+ ion to carboxylic groups than the 
larger Y3+ ion. NTR-7450 experiments were performed at pH=4.35; sulfonic groups have a pKa ~1.3, and 
therefore the membrane functional groups are deprotonated through a wide range of pH. It has previously 
been tested that sulfonic groups are accessible to larger ions such as Ba2+ [Orlando3], consistently, the 
above data seems to indicate that Y3+ and Ag+ are found at similar concentrations on the active layer of 
the NTR-7450, with the lack of ligand coordination with the sulfonic groups in the case of Y3+. 
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Figure D.3.  Experimental data for TFC-S (NF polyamide membrane)  NaCl solute rejection comparisons 
for a single solute solution (400 mg/ L NaCl) (white circle symbols) and a solution containing 400 mg/ L 
NaCl and 3.10-6M Y3+ (black triangles). Experimental conditions were the same for both cases. pH was 
adjusted to 6.75±0.25.  
 
 
 
 
 
 
 
 
 
 
 
 
157 
 
Appendix D.2. Results of Rutherford backscattering spectrometry (RBS) analyses of TFC-S 
membrane (nanofiltration membrane) samples blanks. Samples probed with silver, cesium, barium, 
calcium, and yttrium (Ag
+
, Cs
+
, Ba
+2
, Ca
+2
, Ba
+3
) ions. 
 
Samples (Figure 5.1) Ion pH Elemental ratio Concentration[M] 
TFC-S (NF) Ag+ 5.15±0.05 0.0002 0.029 
TFC-S (NF) Ag+ 5.15±0.05 0.00015 0.022 
TFC-S (NF) Ag+ 5.15±0.06 0.00018 0.026 
TFC-S (NF) Ag+ 6.60±0.05 0.00021 0.030 
TFC-S (NF) Ag+ 6.60±0.05 0.00017 0.025 
TFC-S (NF) Ag+ 6.60±0.05 0.00024 0.035 
TFC-S (NF) Ag+ 7.75±0.05 0.00049 0.071 
TFC-S (NF) Ag+ 7.75±0.05 0.0004 0.058 
TFC-S (NF) Ag+ 7.75±0.05 0.00035 0.050 
TFC-S (NF) Ag+ 8.20±0.05 0.0008 0.115 
TFC-S (NF) Ag+ 8.20±0.05 0.00065 0.094 
TFC-S (NF) Ag+ 8.20±0.05 0.00068 0.098 
TFC-S (NF) Ag+ 9.09±0.05 0.0013 0.188 
TFC-S (NF) Ag+ 9.09±0.05 0.0013 0.188 
TFC-S (NF) Ag+ 9.09±0.05 0.0013 0.188 
TFC-S (NF) Ag+ 10.17±+0.05 0.0031 0.446 
TFC-S (NF) Ag+ 10.17±+0.05 0.0035 0.503 
TFC-S (NF) Ag+ 10.17±+0.05 0.0023 0.331 
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Samples (Figure 5.1) Ion pH Elemental ratio Concentration[M] 
TFC-S (NF) Cs+ 4.64±0.05 0.0001 0.014 
TFC-S (NF) Cs+ 4.64±0.05 0.00007 0.010 
TFC-S (NF) Cs+ 4.64±0.05 0.00007 0.010 
TFC-S (NF) Cs+ 5.40±0.05 0.00025 0.036 
TFC-S (NF) Cs+ 5.40±0.05 0.00012 0.017 
TFC-S (NF) Cs+ 5.40±0.05 0.0002 0.029 
TFC-S (NF) Cs+ 7.50±0.05 0.00025 0.036 
TFC-S (NF) Cs+ 7.50±0.05 0.0004 0.058 
TFC-S (NF) Cs+ 7.50±0.05 0.0003 0.043 
TFC-S (NF) Cs+ 8.90±0.05 0.0006 0.086 
TFC-S (NF) Cs+ 8.90±0.05 0.00059 0.084 
TFC-S (NF) Cs+ 8.90±0.05 0.0005 0.072 
TFC-S (NF) Cs+ 9.50±0.05 0.00081 0.116 
TFC-S (NF) Cs+ 9.50±0.05 0.00074 0.106 
TFC-S (NF) Cs+ 9.50±0.05 0.00074 0.106 
TFC-S (NF) Cs+ 9.80±+0.05 0.0011 0.158 
TFC-S (NF) Cs+ 9.80±+0.05 0.0009 0.130 
TFC-S (NF) Cs+ 9.80±+0.05 0.0011 0.158 
TFC-S (NF) Cs+ 10.10±+0.05 0.0011 0.158 
TFC-S (NF) Cs+ 10.10±+0.05 0.0012 0.172 
TFC-S (NF) Cs+ 10.10±+0.05 0.0011 0.158 
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Samples (Figure 5.1) Ion pH Elemental ratio Concentration[M] 
TFC-S (NF) Ba2+ 5.30±0.05 0.00017 0.024 
TFC-S (NF) Ba2+ 5.30±0.05 0.00017 0.024 
TFC-S (NF) Ba2+ 5.30±0.06 0.00013 0.019 
TFC-S (NF) Ba2+ 6.22±0.05 0.00023 0.033 
TFC-S (NF) Ba2+ 6.22±0.05 0.00023 0.033 
TFC-S (NF) Ba2+ 6.22±0.05 0.00019 0.027 
TFC-S (NF) Ba2+ 7.00±0.05 0.0003 0.043 
TFC-S (NF) Ba2+ 7.00±0.05 0.00035 0.050 
TFC-S (NF) Ba2+ 7.00±0.05 0.0003 0.043 
TFC-S (NF) Ba2+ 8.22±0.05 0.00057 0.082 
TFC-S (NF) Ba2+ 8.22±0.05 0.0004 0.057 
TFC-S (NF) Ba2+ 8.22±0.05 0.00075 0.108 
TFC-S (NF) Ba2+ 9.10±0.05 0.00077 0.110 
TFC-S (NF) Ba2+ 9.10±0.05 0.00087 0.125 
TFC-S (NF) Ba2+ 9.10±0.05 0.00063 0.090 
TFC-S (NF) Ba2+ 9.50±+0.05 0.0012 0.173 
TFC-S (NF) Ba2+ 9.50±+0.05 0.0008 0.115 
TFC-S (NF) Ba2+ 9.50±+0.05 0.00075 0.108 
TFC-S (NF) Ba2+ 10.30±+0.05 0.00085 0.122 
TFC-S (NF) Ba2+ 10.30±+0.05 0.00086 0.124 
TFC-S (NF) Ba2+ 10.30±+0.05 0.00105 0.151 
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Samples (Figure 5.1) Ion pH Elemental ratio Concentration[M] 
TFC-S (NF) Ca2+ 5.30±0.05 0.0003 0.043 
TFC-S (NF) Ca2+ 5.30±0.05 0.0003 0.043 
TFC-S (NF) Ca2+ 5.30±0.06 0.0003 0.043 
TFC-S (NF) Ca2+ 5.80±0.05 0.0004 0.058 
TFC-S (NF) Ca2+ 5.80±0.05 0.00038 0.055 
TFC-S (NF) Ca2+ 5.80±0.05 0.00035 0.051 
TFC-S (NF) Ca2+ 6.22±0.05 0.0004 0.058 
TFC-S (NF) Ca2+ 6.22±0.05 0.0004 0.058 
TFC-S (NF) Ca2+ 6.22±0.05 0.0004 0.058 
TFC-S (NF) Ca2+ 7.50±0.05 0.0005 0.072 
TFC-S (NF) Ca2+ 7.50±0.05 0.0006 0.087 
TFC-S (NF) Ca2+ 7.50±0.05 0.0005 0.072 
TFC-S (NF) Ca2+ 8.05±0.05 0.0006 0.087 
TFC-S (NF) Ca2+ 8.05±0.05 0.0006 0.087 
TFC-S (NF) Ca2+ 8.05±0.05 0.0007 0.101 
TFC-S (NF) Ca2+ 9.40±+0.05 0.0011 0.159 
TFC-S (NF) Ca2+ 9.40±+0.05 0.0009 0.130 
TFC-S (NF) Ca2+ 9.40±+0.05 0.0009 0.130 
TFC-S (NF) Ca2+ 10.00±+0.05 0.0007 0.101 
TFC-S (NF) Ca2+ 10.00±+0.05 0.001 0.144 
TFC-S (NF) Ca2+ 10.00±+0.05 0.001 0.144 
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Samples (Figure 5.1) Ion pH Elemental ratio Concentration[M] 
TFC-S (NF) Y3+ 4.24±0.05 0.0001 0.014 
TFC-S (NF) Y3+ 4.24±0.05 0.0002 0.029 
TFC-S (NF) Y3+ 4.24±0.05 0.0001 0.014 
TFC-S (NF) Y3+ 4.65±0.05 0.0002 0.029 
TFC-S (NF) Y3+ 4.65±0.05 0.0002 0.029 
TFC-S (NF) Y3+ 4.65±0.05 0.0002 0.029 
TFC-S (NF) Y3+ 5.55±0.05 0.0003 0.043 
TFC-S (NF) Y3+ 5.55±0.05 0.0003 0.043 
TFC-S (NF) Y3+ 5.55±0.05 0.0006 0.087 
TFC-S (NF) Y3+ 6.22±0.05 0.0006 0.086 
TFC-S (NF) Y3+ 6.22±0.05 0.0005 0.072 
TFC-S (NF) Y3+ 6.22±0.05 0.0005 0.072 
TFC-S (NF) Y3+ 6.70±0.05 0.0005 0.072 
TFC-S (NF) Y3+ 6.70±0.05 0.0006 0.086 
TFC-S (NF) Y3+ 6.70±0.05 0.0003 0.043 
TFC-S (NF) Y3+ 7.55±+0.05 0.0005 0.072 
TFC-S (NF) Y3+ 7.55±+0.05 0.0005 0.072 
TFC-S (NF) Y3+ 7.55±+0.05 0.0005 0.072 
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